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Table 1.3-3. Characteristics of folds and faults within or near the Pasco Basin (sheet 10 of 10)
(See Fig. 1.3-12 for a location n )
Minimurr Fold characteristics Fault characteristics
Primary Secondary m'xnalfer distance References
structure structure . from RRL
Fig. 1.3-12 Length Length ; . : Age of latest
9 {km) (km) Geometry (km) Strike/dip | Type of displacement displacement
Cold Creek 24 0 60 Asymmetric, low- Myers/Price
syncline amplitude, 3°to 5° etal. (1979);
SE. plunge, W.-NW - Myers and
Wye Barricade 24A E.-SE.trend, gentle, Price (1981)
depression two depressions
along trough
Related 25 13 5 W.-NW. trending Myers (1981)
anticlines
Folds of the 26A, 26C, 42 3t06.5 Low-amplitude folds Myers/Price
eastern Pasco 27, 28A- on the Palouse slope, et al. (1979)
Basin (Palouse 28C W.-NW .-E.-SE. and
subprovince) N.-NW.-§ -SE. trends,
parallel to Pasco
syncline
Lower Yakima 29 30 30 Broad, open syncline
Valley Syncline .
NOTE: RRL = reference repository location. PST87-2005-1.0-7

To convert kilometers to miles, multiply by 0.62.
To convert meters to feet, multipy by 3.281.
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Along the Frenchman Hills, pre-basalt sedimentary units thin over the Hog
Ranch-Naneum Ridge structure (Campbell, 1985), as do the Columbia River basalts.
A gravity gradient parallels the feature, but the exact relationship between
the Hog Ranch-Naneum Ridge anticline and the gravity anomaly is unclear. The
increase in thickness of the basalt into the Pasco Basin suggests that the Hog
Ranch-Naneum Ridge anticline may be fault controlled at depth (Campbell, 1985)
and that the western flank of the basin may be fault controlled below the
basalt. However, available geophysical data are not adequate to support this
interpretation (Section 1.5.2.4).

1.3.2.2.2.3 Anticlinal features

Uplift and erosion of anticlinal ridges in the Pasco Basin provide
exposures of structures that can be 1ipped and studied directly, whereas
structures in synclines are buried and can only be studied indirectly via
boreholes and geophysical data. Anticlines and synclines a1 related
spatial™ , temporal® ", and genetically; tI “ore, ~ie know ltained by
direct >wudy of expusures in anticlines heips provide an unaerstanding of the
structural geology of the related synclines.

Because the following structures have been mapped at various levels of
detail, the level of certainty in the following discussions is also variable.
Anticlinal ridges in the Pasco Basin include the Saddle Mountains, Umtanum
Ridge-Gable Mountain, Yakima Ridge, Rattlesnake Hills, and the Horse Heaven
Hills. A discussion of the timing of deformation for these structures can be
found in Section 1.5.2.4.2.3.

Saddle Mountains

The Saddle Mountains is a broad anticlinal uplift that trends generally
east-west for 110 km (68 mi) and forms the northern boundary of the Pasco
Basin. This area has been mapped in detail by Reidel (1987) and described by
Reidel (1984). Previous studies are summarized in those reports. Two dominant
structural features associated with the Saddle Mountains are the Saddle
Mountains anticline (see Table 1.3-3 and Fig. 1.3-12, No. 1) and the Saddle
Mountains fault (No. 2), although the complex geometry of the anticline has
resulted in other secondary anticlines, synclines, and monoclines that parallel
the main trend of the structure (Reidel, 1987, Plates I-III; 1984, Fig. 3a and
3b).

The Saddle Mountains can be divided into six segments on the basis
of differences in geometry of the fold (Fig. 1.3-13 and 1.3-14; Reidel, 1984,
1987, Fig. 3a and 3b). The McDonald Springs and Smyrna Bench segments
are the most complex structurally. The Saddle Mountains fault is either
a reverse or thrust fault that has an unknown dip angle. Although it
generally parallels the Saddle Mountains anticline, it does not appear
to have the same length and may not extend east of Smyrna Bench. At
least 3.0 km (1.9 mi) of crustal shortening due to horizont: compres-
sion has been easured on the Saddle Mountains fault on the west side
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anticline and the horizontal Priest Rapids Member in the Wahluke syncline.
Results from drilling suggest that this fault dips southwar under the ridge
at 30° to 40° (PSPL, 1982, pp. 2N12-2N14), although it could be as high as 60°
(Price, 1982. p. 58). The zone of fault breccia is approximately 36 m

(120 ft) thic (Price, 1982, p. 55).

Continu® y of the Umtanum fault eastward toward Gable Mountain cannot be
established by exposures. However, structural relief and complexity appear to
decrease toward the east, where the uplift is interpreted by Goff (1981,

p. 69) as a simple, asymmetrical, eastward-plunging anticline whose north 1imb
is steep. A 1ough the fault is covered east of Priest Rapids Dam, fault
displacement probably decreases as structural relief across the Umtanum fold
decr¢ ies. The current interpretation is that the Umtanum fault dies out

«11 km (7 mi) east of Priest Rapids Dam (Myers and Price, 1981, pp. 8-13 to
8-15); however, topographic and structural relief extend to the east end of
Gable Mountain, suggesting that = 11ting ¢ “d occur along the entire north
side of the ¢ ructure.

Surface 1ipping and borehole and geophysical data indicate that Umtanum
Ridge, Gable Butte, and Gable Mountain are one continuous structure (PSPL,
1982, p. 2K-18). Gable Mountain and Gable Butte are two, topographically
isolated, anticlinal ridges of basalt and interbedded sediments that provide
the only extensive bedrock outcrops in the central part of the Pasco Basin.
Gable Mountain and Gable Butte are composed of a series of northwest-trending,
doubly plunging, en echelon anticlines, synclines, and associated faults. The
folds are interpreted as second-order folds within the closure of an
asymmetrical, first-order fold (Fecht, 1978, pp. 37-48). The faults on Gable
Mountain have been investigated using extensive trenching and drilling of
three previously mapped faults (PSPL, 1982, Section 20). These faults are
referred to as the south, central, and west faults (No. 7M through No. 70)
(Bingham et ¢ ., 1970, pp. 48-62; Fecht, 1978, pp. 43-47). During trenching
vaesti?ations (PSPL, 1982, Section 20), a fourth, buried fault was discovered

No. 7R).

Borehole DB-10, which is south of Gable Mountain, penetrated a structure
thought to be a tight, secondary fold associated with Gable ountain
(Myers/Price et al., 1979, pp. III-121 to III-123). Core from DB-10 revealed
two fault zones containing slickensides and tectonic breccia (No. 7Q). One
occurred at - 20 m (400 ft) in depth and the other at approximately 175 m
(575 ft) in depth (Myers/Price et al., 1979, pp. I11-142 to III-146).
Repetition of stratigraphic section across the two faults indicates that they
are reverse faults with approximately 55 m (180 ft) of combined displacement.
Two additioné boreholes were drilled adjacent to DB-10, and it was determined
that the upper fault strikes north-south, dips west 25° to 45° and is
approximately 0.8 km (0.5 mi) long (PSPL, 1982, pp. 20-47). Because of the
close geometr : and spatial relationship exhibited by Gable »>untain faults
and folds, it was concluded that all Gable Mountain faults are related to
folding in a north-south to northeast-southwest compressional stress regime
(PSPL, 1982, p. 20-6).
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The reexamination of trenches excavated during the late 1960s across the
of central Gable Mountain fault (No. 7N through No. 7P) resulted in detection
of features that suggest Quaternary movement (PSPL, 1982, p. 20-5; see
Table 1.3-2) (see Section 1.3.2.2.1.3). These features include slickensides
on clastic dikes in the hanging wall, clastic dikes intruded along the fault
plane, and fractures in glaciofluvial deposits that overlie the bedrock fault.
The trenches exposed offsets in glaciofluvial sediments of as much as 6.5 cm
(2.6 in.) along narrow fractures that are continuous with a reverse fault in
the basalt. These offset sediments are correlated with other glaciofluvial
sediments that contain Mount St. Helens "set S" ash, which has a date of
approximately 13,000 yr B.P.

[ -a from boreholes 1 that the « 1tral ab Mountain fault has much
greater displacement at aeptn in the basait. 'Ihe top of the Esquatzel flow is
offset approximately 50 m (165 ft). The displacement in the glaciofluvial
deposits is interpreted to be caused either by the latest tectonic movement on
an older fault of greater displacement at depth or by rapid hydrostatic
loading and unloading during cataclysmic flooding (PSPL, 1982, p. 20-5). If
the displacement is due to tectonic movement, it represents the closest known
fault to the reference repository location that is of Quaternary age. Because
of the data and the uncertainty in this interpretation, further work will be
done to address the possibility of Quaternary-age faulting within the Pasco
Basin (Section 8.3.1.2.4.3.1).

Yakima Ridge

The Yakima Ridge uplift (No. 10, No. 10A, No. 10B, No. 10G, and No. 10K)
extends from west of Yakima, Washington, to the center of the Pasco Basin,
where it forms the southern boundary of the Cold Creek syncline. The dominant
fold within the Yakima Ridge uplift, east of the Hog Ranch anticline, is the
Cairn Hope Peak anticline (No. 10A). The shorter and steeper north 1imb of
this anticline dips 30° to 40° to the north, and its southern limb dips 10° to
15° to the south. The anticline trends N. 70° W. to N. 75° W. and plunges
gently southeastward. The southern 1imb contains two monoclines. The
northern Cairn Hope Peak monocline (No. 11A) trends N. 60° W. and is
interpreted by Bond et al. (1978b, pp. 67-87) to merge eastward into the
Silver Dollar fault (No. 11B) of Goff (1981). The southern monoclines trend
northeast and merge with the Cairn Hope Peak monocline. The easternmost
surface expression of the Yakima Ridge uplift, as mapped by Bond, in
Myers/Price et al. (1979, Plate III), is represented by an anticline
(No. 10K), which plunges eastward into the Pasco Basin.

A north-dipping reverse fault (No. 12E), which has an associated cross
fault (No. 12D0) with a strike-slip component, occurs south of the main ridge
along the southeastern end of the exposed part of Yakima Ridge. The cross
fault was previously mapped by Bond (in Myers/Price et al., 1979, Plate III)
as N. 20° to 25° E. vertical fault, but has been remapped as a north-trending
tear fault by the BWIP geologists. The cross fault is of limited extent and
cannot be traced north of the southern 1imb of Yakima Ridge. The reverse
fault (No. 12E) parallels the main trend of Yakima Ridge. This fault was
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proposed to account for a linear escarpment and apparent structural
displacement of the extreme eastern and southern ends of Yakima Ridge (WPPSS,
1977, pp. 2RH6-5 and 2RH6-6).

Further investigations of the buried eastern extension of Yakima Ridge
are planned to reduce uncertainties regarding structures in the vicinity of
the reference repository location (see Section 8.3.1.2.3.3.4). Data from
surface geologic mapping are minimal, since only a few exposures of basalt
occur in the area (see Myers/Price et al., 1979, Plate III-1). A
reconnaissance investigation of the subsurface structure using gravity and
ground-magnet : surveys was conducted by Cochran (1982), and he supplemented
these data with borehole, aeromagnetic, and seismic data (Myers and Price,
1981). Gravity and magnetic observations were made on an orthogonal grid at
intervals varying from 150 to 300 m (500 to 1,000 ft) (Cochran, 1982). The
interpretation was largely qualitative, but some quantitative modeling was
done using a simple stratigraphic model.

Cochran (1982, pp. 73-86) ol ‘'rved two predominant trends in the
potential-field data over the buried part of the structure: a northwest and
an east-west trend. Each has multiple smaller, secondary ti nds that are
obli 1e to the \jor feature. The east-west trend coincides with the
subsurface extension of Yakima Ridge (Holmes and Mitchell, 1981, p. B-45) and
is interprete to be a westerly plunging anticline that has ad little
erosional modirication (Cochran, 1982, p. 74). The northwest trend is smaller
in scale and )es not appear to be related to the larger features (e.g., as
the Rattlesnake-Wallula alignment). It appears more 1ikely to be related to
cross folds or cross faults on Yakima Ridge. More work will be necessary to
determine the exact nature of these features.

The relationship between Yakima Ridge and its easterly extension has not
been clearly defined. Faulting, folding, or both of these mechanisms with
subsequent erosional modification can explain the available data.

Rattlesnake Hills

The Rattlesnake Hills uplift, in conjunction with the Rattlesnake-Wallula
alignment, forms the southern boundary of the Pasco Basin. he Rattlesnake
Hi1ls extend from near Yakima, Washington, on their west end, easterly to
Snively Basin, where they abruptly terminate against the Rattlesnake-Wallula
alignment (Swanson et al., 1979a; Myers/Price et al., 1979, Plate III). The
Rattlesnake Hills uplift is an asymmetrical anticline (No. 13) that has been
faulted (Bond et al., 1978b). It has a steeply dipping north 1imb and more
gently dipping south limb. The 3629 fault (No. 16G) and Maiden Springs fault
(No. 16G) occur at a change in fold geometry d probably developed in
response to that change. The 3629 fault is interpreted here as a cross fault.

At the eastern end of the Rattlesnake Hills is Snively Basin, a complex
area that has only been mapped in a reconnaissance manner (Myers/Price et al.,
1979, Plate III-1). The fold geometry of Snively Basin is more complex and
least similar to any other Yakima fold. Several thrust faults are present
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(No. 16J and No. 16K) that may connect with faults associated with Rattlesnake
Mountain. In addition, the structural relief along the Rattlesnake Hills and
Rattlesnake Mountain abruptly decreases into Snively Basin.

The Rattlesnake Hills-Snively Basin area has some of the greatest
uncertainties as to its exact structural nature. This area will be mapped in
detail as part of site characterization activities (Section 8.3.1.2.3.3.4).

Horse Heaven Hills

The Horse Heaven Hills uplift (No. 17) is an anticlinal ridge that
consists of northwest- and northeast-trending segments. _:ologic mapping
along this feature has showr the structure to se .ed  several en

on, mmetric fold ar )c | faul ha re developed 1 tli
main trends (see Hagood, 1985, for most recent interpretation and summary of
previous interpretations).

The northwest trend of the Horse Heaven Hills uplift parallels the trend
of the Rattlesnake-Wallula alignment, has several second-order folds
superimposed on it, is cut by northwest-trending, high-angle faults, and
merges to the southeast with the Wallula Fault Zone (No. 15A, No. 15B,

No. 15C, and No. 15D). Figure 1.3-16 is a cross section (Hagood, 1985) at
Webber Canyon through this northwest-trending segment.

Numerous second- and third-order folds and monoclines have developed on
both segments of the main structural trend near and to the west of the bend in
the Horse Heaven Hills uplift (Hagood, 1985). The folds commonly contain
thrust and reverse faults in the vicinity of the northern flanks and hinges of
anticlines, and these features are parallel to the flanks and hinges (see
Fig. 1.3-12). Several short, steep faults that radiate northward from the
bend in the uplift (No. 20F through 20J) are interpreted to be cross faults
associated with folding of the Badger Canyon anticline/monocline (No. 17H).

1.3.2.2.2.4 Synclinal features

The synclines within the Pasco Basin (see Fig. 1.2-12) are the Pasco
(No. 21), Wahluke (No. 22), Benson Ranch (No. 23), and Cold Creek synclines
(No. 24). A1l are buried beneath sediments of the Ringold and Hanford
Formations. Only the western end of the Cold Creek syncline is not buried by
thick sedimentary deposits. The characteristics of these structures are known
.only from boreholes and geophysical surveys.

The geophysical methods ar techniques that have thus far been used have
not been capable of providing high resolution of structures at and below
repository depths, and the interpretation of the data does not always provide
a unique solution (see Section 1.3.2.2.3). However, the uppermost surface of
the thick section of basalt that lies at shallow depths is well suited for
investigation by geophysical methods. In addition, while deep boreholes are
relatively few, shallow boreholes--to or just into the uppermost basalt--are
relatively abundant. For these reasons, the understanding of structures
buried in the Pasco Basin relies most heavily on interpreting variations in
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that uppermost basalt layer and overlying sediments. The uppermost basalt
flow, however, presently provides the most easily identifiable horizon for
identifying structures in the basin. Sediments overlying the top basalt flow
can provide age constraints on structural features that are more easily
detected in the top of basalt.

A structure contour map of the contact between the uppermost basalt and
the suprabasalt sedimentary deposits within the Pasco Basin is shown in
Figure 1.3-17. Fecht et al. (1987) describe the methods used, estimates of
possible errors, and assumptions made to produce this map. They concluded
that the bedrock surface portrayed on the map represents structural rather
than erosional relief. To define the sediment-basalt contact, data were used
from geologic ~—d jraphic may . =~~~ boreho , and geoph: ical methods
(e. , gravity, seismic reflection, aeromagnetic, and ground-magnetic survey
resuits). To identify the stratigraphic position of the uppermost basalt in
each borehole, chemical analyses were made of cuttings and core. Potential

errors introduced in the contact elevation at this point came from uncertainty

in the elevation of borehole, deviations in the angle of borehole, and
uncertainty in establishing the contact on the basis of cuttings. The maximum
expected variability (error) in the contact elevations is estimated to be

+12 m (£38 ft).

The major features of each syncline within the Pasco Basin are described
below.

Pasco syncline

The Pasco syncline {(No. 21) is located in the southeastern part of the
Pasco Basin. It is bounded by "The Rattles" of the Rattlesnake-Wallula
alignment on the south and by the Palouse Slope on the north. It is a broad,
gentle, low-amplitude (approximately 60-m (200-ft)), long wavelength
(approximately 16- to 25-km (10- to 16-mi)), northwest-trending fold. The
Pasco syncline loses definition in the Wye Barricade depression (No. 24A),
which is a relatively broad (approximately 20-km (12-mi)) and flat structural
depression. The Wye Barricade depression is the focus of decreasing
structural relief for several folds, which include (1) Wahluke syncline
(No. 22), (2) Umtanum Ridge-Gable Mountain uplift (No. 8), (3) Cold Creek
syncline (No. 24), (4) Yakima Ridge extension uplift (No. 10), and (5) Benson
Ranch syncline (No. 23).

Wahluke syncline

The Wahluke syncline (No. 22) l1ies between the Saddle Mountains uplift
and the Umtanum Ridge-Gable Mountain uplift. It is an asymmetrical syncline
with the axis much closer to the Umtanum Ridge-Gable Mountain uplift than to
the Saddle Mountains uplift. The top of basalt is approximately 60 m (200 ft)
below mean sea level in the lowest part of the Wahluke syncline (see
Fig. 1.3-17). 1It, too, is a low-amplitude (150- to 240-m (500- to 800-ft)),
long wavelength fold.
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Benson Ra~~* ~yncline

The Benson Ranch syncline (Myers/Price et al., 1979, Plate III-4a) is a
low-amplitude syncline (approximately 120 m (400 ft)) (No. 23) that is
situated between Yakima Ridge and the attlesnake Hills-Rattlesnake Mountain
uplift. The lack of detailed data in the area places a high uncertainty on
the geometry of the fold. From borehole data, this syncline appears to be
symmetrical, and plunges gently toward the southeast from Dry Creek Valley to
the center of the Pasco Basin. Geophysical data suggest that the Benson Ranch
syncline and Yakima Ridge uplift (No. 10A, No. 10B, and No. 10K) continue
southeastward (No. 10) into the Pasco Basin, where they apparently lose
definition and probably die out toward the Wye Barricade depression (No. 24A).

Cold ...eek syncline

The Cold Creek syncline (No. 24) lies between the Umtanum Ridge-Gable
Mountain uplift (No. 7A through No. 7R) and the Yakima Ridge uplift (No. 10,
No. 10A, No. 10B, and No. 10K). Although there are no surface exposures of
this fold, the relatively high density of boreholes in the area indicate a
greater confidence in the interpretation of the area. The Cold Creek syncline
is an asymmetric and relatively flat-bottomed structure (see Fig. 1.3-17).

ts amplitude is higher and wavelength is shorter west of than east of the
Hanford Site. Like the Wahluke syncline, the southern limb is the steeper
1imb. The Wye Barricade depression (No. 24A) marks the southern extent of the
Cold Creek syncline. The Cold Creek Valley depression lies along the western
portion of the Cold Creek syncline (No. 24B). The top of basalt in the center
of the Cold Creek Valley depression is nearly flat, except for small,
monoclinal flexures.

The reference repository location is located within the Cold Creek
syncline (No. 24). Detailed structure contour maps of the reference
repository location and vicinity have been prepared for the top of basalt by
Fecht et al. (1987; see Fig. 1.3-17), and for the top of Wanapum Basalt, top
of Grande Ronde Basalt, top of Cohassett flow, and top of the very high-
magnesium oxide flow by Landon and Bjornstad (1986). These maps are
reproduced in Figures 3.1-17 through 3.1-21. They show generally flat-lying
basalt with a slight dip to the southwest. The axis of the Cold Creek
syncline passes through the southern side of tI reference repository
location, where the orientation changes from a nearly east-west trend to a
northwesterly trend for a short distance, and then resumes a nearly east-west
trend in the upper Cold Creek Valley. The exact nature of this deflection is
uncertain because of a lack of boreholes and geophysical data for that part of
the Cold Creek syncline.

A gravity anomaly suggestive of structural control is present on the
northern 1imb of the Cold Creek syncline, just to the west of the reference
repository location (Fig. 1.3-22). This feature is a north-south trending
gravity gradient of limited length, and it correlates with features observed
in magnetic intensity data, as well as fault-like solutions from Werner
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Quaternary movement also is paossible along a splay of the Wallula Fault
at Finley Quarry (Farooqui and Thoms, 1980, p. 7; see Table 1.3-2). This
exposure is a 10-m- (33-ft-) wide fault zone on the northern flank of one of
the doubly plunging anticlines that 1ie along the Rattlesnake-Wallula
alignment. The fault juxtaposes colluvium of unknown age against older
Miocene basalt along a high-angle reverse fault. Younger colluvium and loess
overlying the fault are not displaced. These younger sediments are overlain
by two caliche soil horizons, the higher of which was dated as at least
70,000 yr (WCC, 1981c, pp. 69-72); this indicates that the displacement
occurred more than 70,000 yr ago. This fault may extend 3 km (2 mi) to the
northwest of the Finley Quarry exposure, as suggested by a ground-magnetic
survey (Cochran, 1981b, p. 1).

Relationship of the Rattlesnake-Walli'-
alignment to the Pasco Basin

The Rattlesnake-Wallula alignment is composed of anticlinal folds that
have the same geometry as other Yakima folds but are oriented northwest rather
than the general east-west trend of the Yakima Fold Belt. Several structural
features, such as the Horse Heaven Hills and the Rattlesnake Hills, trend into
the Rattlesnake-Wallula alignment, but the structural features cannot be
traced to the northeast beyond the Rattlesnake-Wallula alignment
(Myers/Price et al., 1979, pp. III-127 to III-135).

The Rattlesnake-Wallula alignment abruptly stops in the Snively Basin
area with no apparent continuation to the northwest (Fecht et al., 1984).
Deformation at the surface is discontinuous along the trace of the
Rattlesnake-Wallula alignment, suggesting a complex history. Where the Yakima
River cuts through the Rattlesnake-Wallula alignment, no deformation of basalt
flows that are as old as 12 m.y.B.P. is evident, but immediately to the west
on Rattlesnake Mountain, basalts as young as 8.5 m.y.B.P. have been folded and
uplifted as much as 300 m (1,000 ft) or possibly more (Myers/Price et al.,
1979, Plate III).

The Rattlesnake-Wallula alignment is only one segment of a zone known as
the Cle Elum-Wallula disturbed zone. Along the trend of the Cle Elum-Wallula
disturbed zone, three distinct sets of structural ridges occur in the Pasco
Basin area (Myers/Price et al., 1979; Hagood, 1985): (1) the aforementioned
Rattlesnake-Wallula alignment, (2) a set immediately in front (northeast) of
it, and (3) a set immediately in back (southwest) of it (see Fig. 1.3-9). The
northeastern ridges are a Tow-amplitude set (No. 14M through No. 14P) that
terminate to the northwest near the Horn Rapids anticline and exter to the
southeast as far as Badger Canyon. The southwestern ridges begin at Wallula
Gap and trend initially west-northwest near Wallula Gap, but farther northwest
this changes to N. 50° W., forming the front of the Horse Heaven Hills
(Hagood, 1985). Along the southeastern trend, the amplitude decreases
dramatically from several thousand feet to several hundred feet across the
Yakima River at Benton City, Washington and continues as a minor fold on the
south flank of Rattlesnake Mountain up to the Rattlesnake Hills
(Myers/Price et al., 1979, Plate III). Mapping conducted for the BWIP by
Bond et al. (1978b) does not show a continuation to the northwest.
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The northwest trend of the Rattle 1ake-Wallula alignment is oblique to
the Yakima fc¢ 1s and : |gests a control different from the Yakima folds. One
possible hypothesis is pasement involvement and development above a fault;
another is development above another type of discontinuity such as the edge of
a lava flow. Still a third hypothesis (Barrash et al., 1983} is a changing
stress field from the Miocene to the present. Development ¢ both structural
trends at the same time, however, does not support a changing stress field.
Ridges (e.g., Rattlesnake Mountain and Red Mountain) display the classic
features of a Yakima fold and apparently developed at the same time as the
Yakima folds, but at a different trend (Reidel et al., 1980, 1981). The
apparent termination of some Yakima folds into the Cle Elum-Wallula disturbed
zone suggests differing structural trends in the subsurface that have
influenced the fold trends. The Rattlesnake-Wallula alignment and Cle Elum-
Wallula disturbed zone are examples of these subsurface structural trends.

The Rattlesnake-Wallula alignment has been interpreted as a zone of
dextral strike-slip faulting resulting from north-south compression (Davis,
1977 B¢ :ley, 1980c; | ce, 19¢ 1. This interpretation is based on the
assumption that the gross spatial arrangement of anticlinal domes between
Wallula Gap and Rattlesnake -Mountain resembles small domes along strike-slip
faults in the western Columbia Plateau and in other wrench fault zones (Suppe,
1985, pp. 278-280). The lack of surface deforr :.ion along the Yakima River
between Red Mountain and Rattlesnake Mountain (myers/Price et al., 1979,

Plate III) limits the youngest age of any continuous strike-s1ip movement. In
fact, most deformation along the Rattlesnake-Wallula alignment appears to be
compressional across the trend. This pattern, however, does not indicate if
the structures of the Rattlesnake-Wallula alignment are controlled by a
basement fault that was reactivated by north-south compression and, thus,
developed Yakima folds. This interpretation is favored over that of

Barrash et al. (1983), who suggest a changing stress field.

Further discussion of models for the structural development of the Pasco
Basin is presented in Sections 1.3.2.2.2.7 and 1.5.2.4.1.

1.3.2.2.2.6 Other structural features

Secondary features that have been superimposed on the principal
structural el ents include faults that cut the folds; localized faults that
are confined the folds or fold segments; small, secondary, shear zones
within individual 1 rers; higher order folds superimposed on the principal
structural elements; and folds that cross the structures and interfere with
them.

Hinhar order folds

Higher order fol : occur on several ridges in and around the Pasco Basin.
Gable Mountain and Gable Butte, two of the most prominent en echelon folds,
occur on the Umtanum Ridge anticline (Fecht, 1978, Plate I, p. 38; PSPL,
1982). On some structures such as the Saddle Mountains (Reidel, 1984, Fig. 3;
1987, Plate II) and Horse Heaven Hills (Hagood, 1985, Plate I), second-order
en echelon folds can be explained by north-south compression on a northwest-
or northeast-{ 2r ng ridge. Secondary en echelon folds in the Horse Heaven
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Hi1ls mapped by Hagood (1985, Plate I) have east-west trends on the northeast-
and northwest-trending segments. These secondary folds can be explained as
small folds growing under north-south compression on a major fold that has
developed on a basement structure oblique to the east-west trend. The origin
of the second-order folds on _ :anum Ridge is less clear. Price (1982,

pp. 166-171) interpreted the en echelon folds as rotation about a point east
of the fold belt. The lack of any rotation in paleomagnetic data from Gable
Mountain and Gable Butte, however, showed that rotation did not occur.

Northwest-trending s*+-ive-slip faults

Bentley and Faroc ii (1979) suggest that northwest-trending strike-s1-
1 11ts are pervasive tnroughout the Colu "~ 1a Plateau. ich faults are found
in the western portion of the Columbia Piateau (see Section 1.3.2.2.1.4), but
similar strike-s1ip faults of regional extent have not been observed to cut
across the Pasco Basin. Except for a possible component of dextral movement
on the Rattlesnake-Wallula alignment (Davis, 1981, pp. 2.5N-29 to 2.5N-33;
Price, 1982, p. 177; see Section 1.3.2.2.1.4) and perhaps on the interpreted
fault for the hydrologic barrier (see Section 1.3.2.2.2.4), no strike-slip
faults of regional extent, or anticlinal domes along wrench faults similar to
thoselnea; ;he Dalles, Oregon, have been observed in the Pasco Basin (see
Fig. 1.3-17).

West of the Hanford Site, several strike-slip faults have been mapped
crossing the Rattlesnake Hills, Yakima Ridge, and Umtanum Ridge (see
Fig. 1.3-12). These strike-slip faults are exposed on the anticlinal ridges,
but not in the intervening synclines, although Swanson et al. (1979a, 1981)
extrapolate the faults through the intervening syncline. These structures do
not have any of the typical domal ridges developed along their trace, which
are characteristic of acknowledged strike-sl1ip faults on the western plateau
(Swanson et al., 1979a). These and other faults that are mapped as having
strike-s1ip movement are interpreted or presumed to be localized cross faults.

Cross faults are not uncommon; the Saddle Mountains display several that
correspond to the segment boundaries, one of the most prominent being at
Sentinel Gap (Reidel, 1984, Fig. 3; 1986). Others occur at the junction of
the Sentinel Gap and Smyrna segments and at the Saddle Gap and Eagle Lakes
segments. Cross faults also occur in Snively Basin (e.g., the 3,629 Fault of
Bond et al. (1978b) in the Rattlesnake Hil11s). Yakima Ridge has two known
cross faults: one on the extreme eastern portion of the exposed Yakima Ridge
(see Fig. 1.3-12) and the fault interpreted by Cochran (1982, p. 77) on the
subsurface extension to the east. The hydrologic barrier also may be a cross
fault (see Section 1.3.2.2.2.4).

Strike-s1ip faults west of the Hanford Site (west of the Pasco Basin, see
Fig. 1.3-12) proposed by Bentley (in Swanson et al., 1979a) do not display the
domal characteristics of those near The Dalles, Oregon. Bentley interprets
these faults to cross poorly exposed or unexposed synclinal areas; these
faults resemble localized or cross faults similar to those mapped in the Pasco
Basin and not regional strike-slip faults mapped farther west. The occurrence
of cross faults in and around the Pasco Basin may suggest that many previously
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syncline (see Section 8.3.1.2.2.3.2 and 8.3.1.2.4.3.2). Because the Cold
Creek syncline is buried beneath Pliocene to Quaternary sediments, direct
observation of breccias and faults can only be made from drill core. The
Vantage analog study will provide direct observation of breccias from the
field so that breccias in core can be interpreted. Major high angle reverse
to thrust faults along anticlinal ridges are associated with very - ick
breccia zones. In the Saddle Mountains, these zones are very distinct and in
Sentinel Gap consist of a several-hundred-meter-thick zone of shatter breccias
(Reidel, 1984, p. 952). Similar breccia zones have been found in Umtanum
Ridge (Price, 1982, pp. 63-112; Barsotti, 1986, pp. 33-82, 107-114), at
Wallula Gap (Gardner et al., 1981, pp. 34-77), and perhaps as much as 607 m
(2,000 ft) in borehole RSH-1 on Rattlesnake Mountain (Raymond and Tillson,
1968, pp. 37-39). An examination of most anticlinal ridges shows this to be
consistently true.

The greatest amount of brecciation and shearing occurs in the hinge zone
of the anticlinal folds and decreases progressing down the flanks. Studies of
several south-dipping 1imbs support these observations (e.g., see Price, 1982;
Barsotti, 1986; Reidel et ., 1984). Detailed studies on Umtanum Ridge found
that the degree of brecciation is related spatially to the dip of the layering
(Price, 1982, pp. 18-112). The greatest amount of tectonic jointing and
faulting occurs in the hinge zone and in steeply dipping beds. On the flanks
of the folds, faults with low dips (less than 45°) and limited extent often
occur as conjugate shear zones (Price, 1982, Fig. 85).

On the well-exposed south 1imb of the Frenchman Hills, sparse, locally
developed, but widely disseminated fault zones and shear zones can be observed
(Price, 1982, pp. 149-157). These features typically have small displacements
and the apparent maximum displacement of 1 to 2 cm (0.4 to 0.8 in.) decreases
to no recognizable displacement at a lateral distance of 1 m (3.3 ft).
Faulting is principally confined to the individual basalt layers.

Tectonic breccia zones in the Cold Creek syncline are infrequent in all
the thousands of feet of core drilled into the Columbia River basalt
(Table 1.3-4). The breccia zones that do occur are generally intact and less
than 10 cm (4 in.) in apparent thickness, although some may be thicker (Moak,
1981, pp. 6.1 to 6.13).

Because no oriented cores were drilled, the orientation of tectonic
breccias is not known. The limited size of the core and general lack of well-
defined planar features in the breccia make the sense of shear difficult to
determine. In several zones that have crudely developed planar features,
tectonic breccias appear to dip »30° to 45° and have a reversed sense of
movement, based on the last movement indicated on poorly defined slickensides.
Slickensides, however, are poor indicators of movement because more typically
there i jears to be no preferred direction.

" Breccia zones do not appear to be restricted to any single stratigraphic
zone or depth. As shown in Table 3.1-4, the infrequent breccia zones that do
occur are most common in the Grande Ronde Basalt, followed by Wanapum Basalt,
and then Saddle Mountains Basalt; no breccia zones have been observed in core
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Tectonic joint s~*-

Regional joint sets that form independent of the folding process (see
Section 1.3.2.2.2.7) have not been thoroughly studied in the Pasco Basin.
Identifying joint sets on remote sensing imagery--a method commonly used for
study--is complicated by the sedimentary cover that overlies the basalt
bedrock. Their study is also made more difficult by the presence of
ubiquitous cooling joints, which are difficult to distinguish from tectonic
joints, both in outcrop and core samples (see Section 1.2.1.2.3). A complete
compilation of tectonic joint sets, either as a map or in tabular form, cannot
be completed at present using available data. Several compilations of
photolineaments and topographic lineaments have been completed for various
purposes, however, and many of these lineaments m- represent tectonic joint
sets.

One such photolineament compilation for the entire Columbia Plateau is
presented in Sandness et al. (1982). They analyzed satellite imagery and
aerial photography, and categorized each lineament according to the feature
that caused it. Their categories included features such as color or
vegetation discontinuities, straight drainage features, known mapped faults,
alignment of topographic features, and probable joints. The result of their
work is a series of 1:250,000 quadrangle maps that contain a composite overlay
of all lineaments, regardless of origin.

The most prominent joint sets that they note on the Walla Walla
quadrangle occur along the Palouse River about 120 km (75 mi) to the east of
the reference repository location (Sandness et al., 1982, p. 84). They
mention other joint sets west of Connell, at Wallula Gap, along the Yakima
River northwest of Prosser, near 0'Sullivan Dam, and along Crab Creek along
the north side of the Saddle Mountains. There is no discussion of the
tectonic significance of any of these joint sets.

A second compilation of lineaments was completed as part of the licensing
investigations for the Washington Public Power Supply System's nuclear plants
(Glass and Slemmons, 1977). The objective of this project was to identify
features that might possibly aid in locating the epicenter of the 1872
"Chelan" earthquake. They used topographic maps as well as remote sensing
imagery to identify possible surface faulting features. There is no
discussion of regional joints sets per se.

To the south of the Pasco Basin, in north-central Oregon, regional jofi
set patterns in Columbia River basalt have been determined from remote sensing
imagery and have been interpreted relative to their tectonic significance
(Lawrence, 1979, pp. 33-42). Lawrence analyzed the direction and length of
photo lineaments interpreted as joint sets and related these characteristics
to folding in the Ochoco and Blue Mountains. He distinguishes between
re onal and Tocal joint sets on the basis of whether the joints extend
through more than one flow, and notes the difficulty of attempting to identify
joints in outcrops because of the abundance of primary cooling joints.
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Recent publications by Suppe (1983, 1985) on large-scale folds that
formed at shallow crustal levels about the brittle-plastic transition and are
related-to slip on adjacent faults, may be applicable to the Yakima folds.
Suppe identifies three classes of fault-related folds: (1) buckling, caused
by compression above a bedding plane decollement; (2) fault-bend folding,
caused by bending of a fault block over a nonplanar surface; and (3) fault-
propagation folding, caused by compression in front of a fault tip during
fault propagation. Fault-bend folding and fault-propagation folding models
are among possible explanations for the origin of Yakima folds. The fault-
propagation folding model is generally compatible with that proposed by Price
{ 981) and Reidel (1984) but with potentially significant differences. The
presence or absense of a decollement is the major uncertainty. More work will
be necessary to ri )lve this quest™ 1~ Tt o T 3.1.2.3.3.4).

Price's (1981, pp. 7-17 to 7-19) work suggests that relatively few
tectonic fractures should be found in synclines. Those fractures present are
inferred to strike either perpendicular to or parallel to the fold axis, to be
nearly vertical, and to cross flow contacts at a high angle. Most tectonic
fractures encountered at the reference repository location should be similar
to those observed on the southern flank of the Frenchman Hills (Price, 1981,
pp. 7-17 to 7-19; 1982, pp. 149-157). They will probably be of limited
extent; confined to a single flow or, at the most, several flows; occur in
conjugate sets; and have no detectable stratigraphic offset (within the
resolution of the data set--see Fecht et al. (1986) for resolution of
boreholes). Field studies in the Burbank Creek syncline and the syncline
directly north of Umtanum Ridge show that synclines exhibit the least strain
of any parts of a fold (Price, 1981, p. 7-17).

Tectonic breccias are present in'many deep boreholes in synclinal folds
on the Hanford Site (see Section 1.3.2.2.2.6), but breccia zones are
infrequent in each borehole, typically intact, and generally less than 10 cm
(4 in.) thick (Moak, 1981, p. 6.3). The relatively infrequent occurrence of
tectonic breccia in borehole supports Price's (1981, pp. 7-17 to 7-19) model
of fewer tectonic fractures in synclinal areas than in anticlinal areas, where
strain appears to be concentrated. Tectonic breccias encountered in boreholes
do not seem to be concentrated at any particular depth or interval.
Alternatives to Price's previously described model are discussed in
Section 1.5. Acquisition of data necessary to test this and alternative
models is the objective of studies discussed in Section 8.3.1.2.4.3.1.

Further insight into the mechanics of folding and faulting and the
development of tectonic joints has been gained by analyzing paleomagnetic data
from the Pasco Basin. Reidel et al. (1984, pp. 251-273) have found that

"~ paleomagnetic data from the Pomona flow in the Yakima Fold Belt show clockwise

rotation of sample sites from the anticlinal ridges relative to the synclinal
valleys. Two geographic patterns of rotation are present: (1) a primary one
in which greatest rotation occurs in the crest-hinge area of the anticline

and decreases toward the synclines and (2) a secondary pattern in which the
amount of rotation is controlled by the geometric segments of the folds. They
interpret the rotation mechanism to involve two axes: (1) a generally east-
west horizontal axis corresponding to the fold axis of the anticlines and

(2) a vertical axis.
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Further study by Barsotti (1986, pp. 115-139) supports this interpre-
tation, but also shows that the inclination angle of the paleomagnetic vector
can be rotated by shear during folding. Rotation of the declination probably
occurred along a closely spaced, northwest-trending, right-lateral shear
system (Price's (1981) conjugated set that strikes perpendicular to the fold
axis) that developed in the anticlines as they grew under | rth-south
compression. The confinement of rotation to the anticlines indicates that
this shear system is principally limited to the anticlines. These data are
consistent with Price's structural analysis of anticlinal ridges and
interpretations of limited strain effects in the synclinal areas. Although
the persistent clockwise rotation was not predicted by Price's tectonic model
(Price, 1981, pp. 7-1 to 7-19), it supports his structural model and provides
additional ¢ .a to interpret the mechanical evolution of the folds.

1.3.2.2.2.8 The Yabimy €aldns = mmmipjann £9]d gnamatey

The Yakima »)lds are >t unique geologic structures on the Earth or, r
that matter, on the other terrestrial planets. Wrinkle ridges or volcanic
plains anticlinal ridges on the terrestrial planets (Basali :- Volcanism Study
Project, 1981, pp. 868-883), which form as a result of basement involvement or
detachment, are interpreted as geometric analogs of the Yakima folds (Waters
and Maxwell, 1985, p. 745). The surface geometry of Yakima folds resemble
typical folds in a thru¢ belt. They formed under general” north-south
compression, based on geometry (Davis, 1977, p. 2R, C-24), tocal mechanisms
(Rohay and Davis, 1983, pp. 6-12 to 6-15), and in situ stress measurements
(Kim et al., 1986, Table 6), by brittle deformation, and at the surface of the
Earth. Confining pressure is within the horizontal plane with minimal
vertical confining pressure. When north-south compression-was applied to the
Columbia Plateau, the result was shortening of the crust, accomplished
principally by uplift and folding. Rock was forced over the uppermost lava
flow at the surface (Reidel, 1984, pp. 973-975) with the surface of this flow
top becoming the fault plane. This surface is a low-angle thrust fault,
because the flow is nearly horizontal. Less is known, however, about the
fault orientation in the subsurface. Only two exposures of these faults can
be seen in canyons adjacent to ridges in the plateau: 45° for the Frenchman
Hills along the Columbia River near Vantage (Grolier and Bingham, 1971) and
70° for the Columbia Hills in Rock Creek (Anderson, in Swanson et al., 1979a).
No information is present concerning the presence of a detachment surface at
depth.

Most synclinal valleys are not true synclines, in that they represent the
gentle south-dipping limb of an anticline that has been overridden by the next
anticline to the south. The upper Cold Creek syncline west of the Hanford
Site is a tight, faulted, southern 1imb of Umtanum Ridge that is overridden by
the north 1imb of Yakima Ridge. The Cold Creek syncline in the vicinity of
the Hanford Site has a width of over 10 km (6 mi) and is a broad trough that
has apparently undergone little deformation relative to anticlinal areas (see
Section 1.3.2.2.2.4). It is an area that has been undergoing subsidence since
the beginning of Columbia River Basalt Group volcanism.

1.3-84
















































001-€°1

STATE PLANE COORDINATES (ft)

700,000

850,000

800,000

650,000

500.000

450,000

400,000

350,000

300.000

280,000

200,000

120° 119°
= T ; T
“ A
- ar
+ + e + - N -
B REFERENCE )
AEPOSITORY y \ H  ORD SITE
LOCATION } / BuunDARY
- \ ye— re
. ,
-
‘</ -
+ + 18°30
- & /
S
k /
- L]
+ + 48
-
— coLumslA .
= . WESTON (1978b)LINEARS R
A MYERS/PRICE et al. (1979) LUNEARS \
1 ] 1 1 1 1 L 1 A 1 1 1 i (] 1
1,800,000 2,000,000 2,100,000 2,200,000 2,300,000 2,400,000 2,500,000 2,600,000
STATE PLANE COORDINATES (ft) :
PS8609-216

Figure 1.3-31. Summary of aeromagnetic linears in the central Columbia F iteau.

1dvd  NOILVLINSNOD



















CONSULTATION DRAFT

in-field processing) and provide adequate regional control to the east of the
Pasco Basin and marginal control to the north. To the west and south of the
Pasco Basin, )re magnetotelluric data are necessary to develop a complete
regional mag: :otelluric setting (Section 8.3.1.2.3.3.4).

Geoe'l Armknl ﬁ#ma#i-—n—l-!x

Crustal rocks have been grouped into five layers using agnetotelluric
data for the central Columbia Plateau (Fig. 1.3-34). Layer 1 includes the
suprabasalt ¢« |iments, the uppermost basalt flows, and the interbeds of the
Saddle Mountains Basalt. Layer 2 is the basalt section, and layer 3 is the
sediment section underlying the basalts. Layer 4 presently has a rather wide
range of res' :ivit® i, depending on the location of the measurements through-
out the plate 1. This is believed to be caused by the variety of rock types
that are associated with it. The Pasco Basin data indicate layer 4 resis-
tivity of approximately 100 @-m (Berkman et al., 1986). The Ilowermost,
crustal layer, layer 5, - deep and not v |1 defined in the agnetotelluric
« ta.

Sub-basalt structures

Orange a | Berkman (1985, pp. 156-159) quantitatively analyzed the BWIP
magnetotelluric data collected by Czimer and Edwards (1978), Senturion (1979),
Argonaut (198 , and Geotronics (1984). They confirmed the findings of
Geotronics (1981, p. 5) that detailed structural interpretations, based on
pre-1982 data, were not warranted because of poor data quality. Their
analysis also indicated that the quality and density of data acquired in 1982
were not sufficient for the detailed interpretations presented by Geotronics
(1984) and Mitchell and Bergstrom (1983). They recommended that the pre-1982
data be used only to define the gross geologic features of the sub-basalt
rocks in the Pasco Basin.

Orange and Berkman (1985, Plates 11-16) interpreted the Geotronics data
set for the central Columbia Plateau as an accumulation of basalt ranging from
3 to 4.6 km (1.9 to 2.9 mi) in thickness. This accumulation is asymmetric in
cross section and thins rapidly to the west of the Pasco Basin and more gently
to the east (Section 1.5). Most of the thick section of basalt occurs within
the boundaries of the Pasco Basin, although the thickest accumulation appears
to occur slightly to the southwest of the boundary. They made no attempt to
address the relationship between the observed surface structures and the base
of the basalt. They concluded that additional, closely spaced, high-quality
data are needed for detailed structural analysis.

Twenty-four relatively close-spaced magnetotelluric sites were occupied
along two profiles :ross part of the Rattlesnake-Wallula alignment in 1985
(Z-Axis, 1985). This study was the first attempt by the BWIP at a detailed
investigation F a possible sub-basalt structure. The data are significantly
better than previous data sets. Berkman et al. (1986) interpreted the data
and concluded that there is approximately 1 km (0.6 mi) of relief at the base
of the basalt beneath Rattlesnake Mountain. This is approximately the same
amount of relief observed at the surface. They were not able to determine
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whether the base of the basalt was faulted, but indicated that with
additional, carefully selected sites, the feature may be resolved with the
magnetotellur : method.

To date, the BWIP has defined the gross setting of the Pasco Basin. No
large, unexpected sub-basalt structures have been identified, but large gaps
still exist between high-quality magnetotelluric sites. To improve the
interpretatic of basement structures and stratigraphy in the Pasco Basin,
additional hi i-quality magnetotelluric data will be collec 1
(Section 8.3.1.2.3.3.4).

1.3.2.2.3.4 Seiemir~ refraction surveve

The purp ies of large-scale refraction surveys conducted by the BWIP have
been to define the regional structures to assist in determining a tectonic
model for the area of the reference repository location, to :fine a crustal
model that better constrains earthquake locations, and to determine station

"re ions * the earthquake recording network. Surveys also have been
conducted by other investigators to determine the regional ' riation of
structures within the Columbia Plateau and Pacific Northwest. Additional
surveys have been conducted to support siting and licensing of nuclear
powerplants, engineering and foundation studies, and general exploration.

Seismic refraction results have given a general picture of the upper
crustal variations in the region of the Pasco Basin. The refraction data need
to be subjected to additional interpretation and these resu” ; need to be
integrated with gravity, magnetic, magnetotelluric, borehole, and geologic
data to determine a consistent structural model. This integration effort is
part of the site characterization plans discussed in Section 8.3.1.2.3.3.6.

Long-range refraction surveys

Surveys conducted over and near the Columbia Plateau have been reported
by Dehlinger et al. (1965), White and Savage (1965), Johnson and Couch (1970),
Hi11 (1972), and Crosson (1972). A summary of crustal thickness and upper
mantle velocities in the western United States, shown in Figures 1.3-35 and
1.3-36 was given by Smith (1978). The data used to constrain the
interpretation for the Cc mbia Plateau came from the previous work noted
above, from Hil1l (1978), 1d from inferences from magnetotelluric
measurements. Velocity models used by the University of Washington to locate
earthquakes have a crustal thickness of 40 km (25 mi) beneath the Puget Sound
region. The « 1stal thickness thins to 25 km (16 mi) in northeastern
Washington.

A seismic refraction experiment was conducted by the BWIP and the
University of shington using blast data recorded by seismic networks. Rohay
and Malone (1! '), using a time-term analysis of these data, reported depths
to the 6-km/s (2.0 x 109-ft/s) layer, probably the crystalline basement, shown
in Figures 1.3-37 and 1.3-38. These data indicate that the basement is
deepest benea! the Hanford Site and to the south. Although Figure 1.3-37
indicates a possible shallowing of the basement to the west, there are not
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Sonic logs

Sonic logging data from the Shell 0i1 Company's Bissa 1-29 and Yakima
Minera Company's No. 1-33 wells (see Section 1.7.1.3) were used in a recent
analysis of a model of the crustal structure of the Columbia Basin derived
from large-scale seismic refraction surveys (Glover, 1985). Sonic logging
data have been used to generate seismic impedance profiles used in synthetic
seismogram modeling (Berkman, 1984). Seismic velocities in the basalt flows
derived from sonic logging data have bheen used to aid contractor processing of
seismic reflection data. However, lac of sonic data in the sediments
overlying the basalt flows has severely hindered removal of static shifts in
the seismic reflection data, resulting in less than optimally stacked seismic
sections t 'd for structural mappii

Synthetic seismogram modeling will be used in wavelet analysis performed
as part of seismic stratigraphic i1 erpretations (Section 8.3.1.2.3.3.1).
Compressional- and shear-wave velocities derived from full waveform sonic
logging data will be required to assi+ future seismic reflection
investigations. Full waveform sonic logging data have been used in
conjunction with borehole televiewer data to characterize intraflow
structures, fracturing, and borehole breakouts in a Timited number of wells
(Paillet, 1985). Further application of these techniques will be continued
during characterization of the repository site (Section 8.3.1.2.3.3.1).

Density logs

The principal use of gamma-gar a1 density logging in geophysical
investigations has been to provide a constraint on the rock density values for
gravity modeling. Gamma-gamma density logging also has provided corroboration
of density values derived from borehole gravity surveys. Potential future
applications of these logging data are for accurate determination of seismic
impedance profiles used in synthetic seismogram modeling, and quantitative
logging analysis of intraflow structures and sedimentary interbeds.

Vertical seiepi~ ~~ofiling

Vertical seismic profiling data have provided detailed velocity informa-
tion about the suprabasalt sediments. This information is necessary to
support seismic reflection processing. The difficult drilling of the supra-
basalt sediments and interbeds has necessitated cased boreholes and frequent
cementing in many boreholes. This, coupled with the shallow sediments, has
made it difficult or impossible to acquire good sonic logs in many horizons
above the basalts. Therefore, velocity/vertical seismic profile surveys have
been conducted in several boreholes and have been used principally as high-
resolution check shot surveys (Fig. 1.3-60). The surveys have provided
insight into the velocity layering; however, more velocity information,
specifically from more boreholes proximal to the reflection 1ines, will be
required for site characterization seismic reflection surveys
(Section 8.3.1.2.3.3.1).
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Velocity versus depth check shot plot from
bo. hole RRL-10 (from Dresser, 1985).
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Figure 1.3-65.
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Potential-field geophysical features in the vicinity
of the reference repository location.
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around the reference

repository location (sheet 3 of 4)

Geophysical features* Source Comments
HM 81(9) Myers (1981) Inferred “deep structure” based on Werner solutions.
Coincident Werner
solution
HAB80 (N-70) Holmes and Werner depths are likely in error because the Werner profiles are not

Coincident seismic

Mitchell (1981)

perpendicular to a more westerly striking gradient that is interpreted to be
responding to a south-dipping basalt on the northern limb of the Cold
Creek syncline.

features
SH81 (4-10) Holmes and Interpreted to be associated with time-static processing problems.
Mitchell (1981)
HA 81 (10) Myers (1981) Bounding feature during initial siting process.
Coincident Werner
solutions
HAB0 (N-68) 4olmes and Werner deconvolution solutions corresponding to Umtanum Ridge-Gable
HAB80 (D-63) Mitchell {(1981) | Mountain structure.
HAB80 (N-61)
Coincident seismic
features
SH81 (5-1) H{olmes and Related to the faulting and (or) folding of thel  anum Ridge-Gable
SH81 (5-2) Mitchell (1981) | Mountain structure.
HM 81 (N-96 to N-i Myers( 1) Bounding feature in the reference repository location siting process.
Coincident Werner
solutions
HAB0 (N-84) Holmes and These magnetic features are responding to an 80- to 100-gamma magnetic
HA80 (N-96) Mitchell (1981)  jradient that is coincident to a segment of the Nancy Linear (Weston,

1978¢).

i{KA) 82 Yakima Barricade

Coincident Werner
solutions

HAS80 (N-84)
HAS80 (D-33)
HAS80 (D-312)
HAS80 (D-401)
HAB0 (SD-503)

Coincidentse ic
features

SE83 (3-4)
SE83 (3-5)
SEB3 (3-6)
SE83 (3-7)

Kunk and Ault
(1982)

Holmes and
Mitchell (1981)

Berkman
(1984)

North-south Cold Creek barrier. Magnetic and gravity data indicate a
north-south linear. Hydrologic head differences, particularly in the
Wanapum Basalts. Termination of the Elephant Mountain Member.
Elevation difference of 122 m (400 ft) between correlatable Pomona
Member over a half mile east-west distance.

Several Werner solutions responding to a variety of magnetic gradients,

highs, and lows.

Poor data quality probably due to thick deposits of the Hanford Formation.
Indications of fauiting or other reflection discontinuities.

PST87-2005-1.0-10
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1.3.2.3.4 Borehole observations

Relatively high in situ stress is indicated by borehole spalling and core
disking, phenomena observed in boreholes drilled within the Hanford Site
(Section 2.6). Borehole spalling and core disking allow interpretation of
stress orientation (Kim et al., 1986, pp. 7-17).

Spalling in deep boreholes on the Hanford Site has been observed in
downhole television surveys, impression-packer tests, and acoustic-televiewer
techniques. Paillet (1985) obtained acoustic-televiewer logs for intervals of
approximately 400 m (1,300 ft) each in boreholes DC-4, DC-7, DC-12, RRL-2, and
RRL-6 and concluded that borehole spalling or borehole wall breakouts have a
consistent east-west orientation. This orientation of borehole spalling
indicates that ¢ @ maximum horizontal :ress is apr ximately north-south
(Section 2.6.2.1).

The possibility of relatively hiah in situ stress in the basalt beneath
the Hanford Site was first indicated / the occurrence of core disking. Core
disking is the phenomenon by which t| core fractures into thin disks during
the drilling process. Core disks have been described by Moak (1981) and Long
and Woo rard-Clyde Consultants. (Long and WCC, 1984, p. I-230). The presence
of saddie-shaped disks in the basalt core is indicative of anisotropic
horizontal stresses. Study of oriented cores that experienced disking
indicates that the maximum horizontal stress is generally north-south
(Lehnhoff et al., 1982).

Core disking and borehole spalling could occur where the in situ stress
is high or where the rock is weak (Kim et al., 1986, pp. 7-62). Paillet
(1985, p. 47) studied the occurrence of spalling and disking with depth in
three boreholes and concluded that spalling and disking are confined primarily
to the interiors of individual flows. The frequency of core disking and
borehole spalling supports the interpretation that the distribution of in situ
stresses at the Hanford Site is not lithostatic and that tectonic stresses are
present.

1.3.2.3.5 In situ stress measurements

The hy ‘aulic fracturing method allows direct determination of in situ
stress magnitudes at depth. In situ stress measurements by the hydraulic
fracturing (hydrofracture) technique have been conducted at depths of from
approximately 900 to 1,200 m (3,000 to 3,300 ft) in boreholes DC-12, -4,
RRL-2, and -6 (Kim et al., 1986, Table 6). Hydraulic fracturing test data,
data analysis procedures, and calculated in situ stresses for the Cohassett
flow, Grande Ronde flow 7, Umtanum, and McCoy Canyon flows are presented in
Section 2.6.

Hydraulic fracturing test results indicate that the maximum, inter-
mediate, and minimum principal compressive stresses are oriented approximately
north-south, east-west, and vertical, respectively. This is consistent with
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geologic interpretation data (Sections 1.3.2.2 and 1.4.1.2). Because the
hydraulic fracturing method assumes that the principal stress directions are
parallel or perpendicular to the borehole axis, the actual stress orientation
may differ fr¢ the test results. Hydraulic fracturing tests further indicate
that horizonté in situ stresses do not vary significantly within the
Cohassett, Grande Ronde 7, McCoy Canyon, and Umtanum flows at the reference
repository location (Kim et al., 1986, Fig. 17, p. 61).

Hydraulic fracturing tests in selected boreholes have provided numerical
estimates for the magnitudes of the horizontal stresses. Vertical stresses
are estimated from the thickness and density of the overlying strata. Within
the Cohassett flow, the mean maximum and minimum horizontal stresses are
61.5 and 32.8 MPa (8,920 and 4,760 1bf/in2), respectively; the mean
vertical stress is 24.2 MPa (3,510 1bf/in2) (see Tables 2.6-4, 2.6-5;

Section 2.6.2.2.5). These mean values result in ratios of mean maximum
horizontal stress to vertical stress of approximately 2.5:1. These data are
important in the engineering design of the underground works of a repository
(Chapter 2).

The in situ stress data can be used to predict the tectonic stability or
instability of fractures in the Cohassett flow. For example, the shear stress
computed from the measured principal stresses can be compared to the shear
stress require by Byerlee's friction law to initiate sliding, for a given
normal stress, on a preexisting surface (Byerlee, 1978). Such comparisons
indicate that the existing stress state is insufficient to cause shear
failure, based on Byerlee's criterion (Kim et al., 1986, p. 58;

Section 2.6.2.2.5).

1.3.2.4 Vert :al and lateral crustal movement

Informat »n on vertical and lateral crustal movement is derived from two
primary sources: interpretation of geologic data and geodetic survey results.
Geologic data, which includes the spatial and temporal relationship of strata
to geologic structures such as folds and faults, document the amount and rate
of crustal deformation over geologic time. Because the stratigraphic record
is incomplete d there are uncertainties in dating specific orizons,
estimates for ounts and rates of deformation that are based on available
data are only )proximate. Geodetic survey results provide formation on
contemporary crustal movement. They record crustal deformation that has
occurred in historic time following the development of preci: surveying
instruments ar techniques. Geodetic surveys record changes in elevation and
horizontal distance over time by repeated surveys of monuments in established
netwo: .
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1.3.2.4.1 Geologic studies of crustal deformation

Geologic studies of the amount and rates of crustal deformation have
focused on the Yakima Fold Belt of the Columbia Plateau, particularly within
and surrounding the Pasco Basin and at the reference repository location
(Reidel et al., 1983). The investigations have emphasized the study of
variations in thickness and of paleosurface structures of flows of the
Columbia River Basalt Group, interbedded Ellensburg Formation, and the
suprabasalt Ringold Formation. The variations in thickness record
paleostructural relief and provide a method of calculating the amount and rate
of growth of the anticlines of the Yakima Fold Belt. Preliminary estimates
for the amount and rate of crustal shortening across the fold structures of
the Yakima Fold Belt have been derived from an analysis of geologic cross

'tions (Reidel, . 4, pp. 961 173). Inf. 1ation on lateral vement of the
crust also has been interpreted from analysis of paleomagnetic data for
Columbia River basalt flows. Such analysis provides information on possible
horizontal rotation, about a vertical axis, of parts of the Earth's crust
(Reidel et al., 1984).

From analyses of the variations in thickness and the lateral extent of
basalt flows and intercalated sedimentary units, it has been argued that the
Pasco Basin was evolving structurally during Grande Ronde, Wanapum, and Saddle
Mountains times, approximately 16.5 to 6 m.y.B.P. (Reidel et al., 1980, 1982,
1983, pp. 5-1 to 5-19; Reidel and Fecht, 1981, pp. 3-41; Reidel, 1984).
Although the great volume and rapid rate of eruption of the Grande Ronde
Basalt, combined with 1imited surface exposures, have masked evidence for the
development of structural features, the evolution of several broad features is
discernible. Examples include the growth of the Hog Ranch-Naneum Ridge
anticline (Reidel and Fecht, 1981, pp. 3-41; Landon et al., 1982; Campbell,
1985) and the structural subsidence of the Pasco Basin (Reidel et al., 1982;
Landon et al., 1982).

The growth of several Yakima folds during Grande Ronde time
(approximately 17.0 to 15.5 m.y.B.P.) also can be demonstrated using other
lines of evidence (Beeson and Moran, 1979a, pp. 5-77; Reidel, 1984,
pp. 955-958). The Saddle Mountains were evolving structurally in late Grande
Ronde time, as evidenced by the thinning and.the absence of flows of the high-
magnesium chemical type near Sentinel Gap. Price (1982, p. 39) documented
evidence for thinning of the Umtanum flow near Priest Rapids Dam, but was
uncertain as to whether thinning was related to growth of the Umtanum Ridge
anticline or of the Hog Ranch-Naneum Ridge anticline. The absence of the
Vantage interbed along parts of the Saddle Mountains, Umtanum Ridge, and other
Yakima folds (Reidel and Fecht, 1981) suggests that most Yakima folds were
developing topographically, hence struc Jrally, during Grande Ronde time.

Variations in thickness and in the lateral extent of all Wanapum and
Saddle Mountains flows, and some Grande Ronde flows, indicate that the present
Yakima folds were actively developing throughout much of the Miocene '
(Reidel et al., 1980, pp. 1-43; Reidel, 1984, pp. 955-975; Reidel and Fecht,
1981, pp. 3-41). Deformation was concentrated along first-order folds, as
shown by areas of maximum thinning that consistently correspond to anticlines
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and areas of maximum thickening that correspond to synclines. On the basis of
thicknesses and di¢ -ibutions of basalt flows across the Saddle Mountains, the
average rate of uplift is interpreted to be greatest during Grande Ronde time,
at an average of approximately 250 m/m.y. (825 ft/m.y.) (Reidel, 1984,

Fig. 13). The average uplift rate decreased to approximately 40 to

80 m/m.y. (130 to 260 ft/m.y.) by late Miocene (Reidel et al., 1980, 1983;
Reidel, 1984, Fig. 13).

Evidence for the continuation of deformation--whether uninterrupted or
episodic--from the Miocene to the present time is summarized by Reidel et al.
(1983, pp. 5-1 to 5-19) and Reidel (1984, pp. 966-973) for the Pasco Basin and
by Bjornstad (1985) for the area within and adjacent to the reference
repository location. The evidence is (1) thinning or nondeposition on ridges
and continued deposition and accumulation of sediments in synclines;

(2) cumulative deformation in the suprabasalt sedimentary deposits, and
(3) average rates ¢ uplift and subsidence, extrapolated from the Miocene to
the present, that can account for the present structural rel f.

After emplacement of the basalts, thick sequences of sediment continued
to be deposited in 1e basins (Tallman et al., 1981, pp. 2-1 to 2-28).
Because deformation continued during deposition, the older suprabasalt
sedimentary deposits (i.e., the lower and basal Ringold units) have
increasingly greater dip with increasing age in the flanks of synclines (PSPL,
1982, p. 2R-3). This is monstrated by decreasing structural relief on top
of Ringold units. The history of deformation since the end of Ringold time at
approximately 3 m.y.B.P. is less clear because of erosion. The upper surface
of the Ringold Formation, for example, is less the result of structures than
the result of erosion; a paleovalley is incised into the Ringold Formation..
The top of the Plio-Pleistocene unit represents partial filling of this
paleovalley with locally derived alluvium (Bjornstad, 1985).

The rate of uplift in Ringold time is estimated to be the same as that
calculated for late Saddle Mountains time, approximately 40 m/m.y.
(130 ft/m.y.) (Reidel, 1984, Fig. 13). However, preliminary age estimates and
stratigraphic relationships along the margins of the central Cold Creek
syncline suggest that the rate of subsidence in the reference repository
location may have accelerated temporarily during middle Ringold time
(Bjornstad, 1985). Extrapolation of the 40-m/m.y. (130-ft/m.y.) rate of
uplift to the present is supported by the work of Rohay and Davis (1983), who
analyzed microearthquake swarms at the Saddle Mountains and modeled the
seismicity on an assumed planar fault that dips 45°. They estimated the
seismic defor tion to be approximately 0.02 to 0.04 mm/yr (0.0008 to
0.0016 in/yr), whit is in reasonable agreement with the rate of uplift
extrapolated from « »>logic data (i.e., 0.04 to 0.08 mm/yr or 40 to 80 m/m.y.
(0.0016 to 0.003 in/yr or 130 to 260 ft/m.y.))

Estimates for the amount and rate of crustal shortening appear to be of
the same order of magnitude as that of uplift (Reidel, 1984, pp. 972-973).
Because the Yakima Fold Belt consists of a series of generally east-west-
trending folds, crustal shortening as derived from geologic data is in a
north-south direct n, perpendicular to this trend. Bentley (1980b) developed
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north-south cross sections across the western part of the Columbia Plateau
and, from them, calculated minimum amounts of crustal shortening. For the
areas west of 120° W. longitude, along the 120° W. longitude, and east of 120°
W. longitude, the total minimum amounts of shortening are 15, 9, and 4 km (9,
5.5, and 2.5 mi), respectively. Reidel (1984, pp. 972-973) estimated a
minimum amount (3 km (1.8 mi)) of shortening at Sentii | Gap, due to folding
and faulting of the Saddle Mountains . :icline, with at least 2.5 km (1.5 mi)
of shortening due to fault displaceme: alone.

Beck (1976, 1980) and Reidel et al. (1984) noted that varying amounts of
clockwise rotation are consistently identified in paleomagnetic studies of
rocks from eastern and western Washington and Oregon. Within the Pasco Basin,
clockwise rotation of up to 30° in the Pomona flow (12 m.y.B.P.) has
predominated, although counterclockwi: rotation of as much as 6° has occurred
locally (Reidel et al., 1984, Fig. 7). The clockwise rotation reaches its
maximum in the crest and hinge areas of the anticlines of the Pasco Basin and
decreases toward the synclinal troughs. The amount of rotation appears to be
controlled by segments of the anticlines. It has probably occurred along a
closely spaced, northwest-trending, ri 1t-lateral shear system that developed
in the anticlines as they evolved structurally under the presence of north-
south compression. Because of the apparently close relationship between the
anticline and the rotation, rotation probably began with folding and continued
as the fc is evolved structurally (Reidel et al., 1984).

1.3.2.4.2 Contemporary crustal movement

Indications of contemporary crustal movement come from geodetic surveys
ar earthquake seismicity. Studies of contemporary vertical and lateral

crustal movement in the Columbia Plateau have focused on the site and have

relied primarily on the analysis of geodetic data. The data from these
surveys provide information on contemporary crustal deformation through
repeated measurements of changes in relative elevation and distance that occur
with time. Vertical control data are obtained through leveling surveys, and
horizontal control data through trilateration surveys.

The analysis of leveling data for | : Columbia Plateau is based on the
review and evaluation of survey data and results reported by Tillson (1970).
Tillson (1970) used first-order leveling data obtained during the 1904 through
1959 period from surveys along four regional survey lines: (1) Seattle,
Washington, to Pasco, Washington; (2) Pasco, Washington, to Spokane,
Washington; (3) Pasco, Washington, to Ontario, Oregon; and (4) Pasco,
Washington, to Portland, Oregon. Because elevation data for the four survey
lines were collected at different times and along numerous 1ine segments, no
single point was considered constant for the purpose of calculating absolute
uplift or subsidence. Tillson's results are, therefore, relative vertical
velocities calculated for the remaining survey lines relative to the Seattle,
Washington, to Pasco, Washingt 1, 1ine. From these relative vertical
velocities, Tillson constructed a velocity contour map of the Columbia Plateau
that was used in the analysis of crustal changes.
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Tillson's (1970) analysis of the regional leveling data suggests that the
Pasco Basin is gradually subsiding at an average rate of approximately 1 mm/yr
(0.04 in/yr). Only data from first-order leveling surveys were used to
calculate the rates. The most consistent and accurate data come from the
Pasco, Washington, to Port” 1d, Oregon, 1ine and show a maximum of 33 mm
(1.3 in.) of subsic 1ce at Umatilla, Oregon, in 22 yr. The average rate of
subsidence is less than 1 mm/yr (0.04 in/yr) along The Dalles, Oregon, to
Pasco, Washington, ine. The Seattle, Washington, to Pasco, Washington, and
Pasco, Washington, to Spokane, Washington, 1ines also show an average rate of
subsidence of 1 to 2 mm/yr (0.04 to 0.08 in/yr), with a maximum rate of
approximately 3 mm/yr (0.12 in/yr) at Selah, Washington. The leveling surveys
do not indica: any significant movements where the lines cross known tectonic
structures. In particular, the leveling data do not indicate vertical
displacement at Wallula Gap, where the Pasco, Washington, to Ontario, Oregon,
level 1ine crosses e Olympic-Wallula lineament. This 1ine showed 1 mm/yr
(0.04 in/yr) of subsidence as far south as Pendleton, Oregon. Tillson (1970)
considered the 1-mm/yr (0.04-in/yr) rate of subsidence observed in the Pasco
Basin to be ¢ parable with other surveyed areas where crustal movement is
minor or negligible.

Tillson's (1970) ana /sis of triangulation data for the Columbia Plateau
provides no evidence for horizontal crustal movement. A1l position changes
were less than the magnitude of the errors associated with the measurement
techniques or were attributable to the instability of survey 1g monuments.

The analysis of leveling data for the site is based on data from a 20-km
(12-mi) first-order level line that traverses the reference repository
location in a north-south direction from Gable Mountain to Rattlesnake
Mountain (Prescott and Savage, 1984, pp. 22-28; Fig. 1.3-67). This survey
line was established to investigate possible contemporary vertical crustal
movements in proximity to the reference repository location. The line
consists of 15 monuments that were emplaced in 1982 and 5 preexisting
benchmarks. The 1 e was surveyed initially in 1982 for baseline elevation
data and again in 1983 to assess monument stability. It is not possible to
compare directly tI elevations observed for this l-yr interval for several
reasons: not all first-order surveying specifications were adhered to in the
two surveys, differ 1t sets of intermediate monuments were used during the two
surveys, and some monuments were reset without being tied to the original
location (Prescott and Savage, 1984, pp. 23-24). However, Prescott and Savage
believe that a baseline now exists to which the data from future surveys can
be compared.

Horizont control data come from a trilateration network established by
the U.S. Geol jical Survey in 1972 to measure horizontal strain accumulation
in the Pasco sin (Savage et al., 1981). This network con! sts of 19
monuments and their corresponding trilateration observation lines (see ,
Fig. 1.3-67). Nearly all these lines have been surveyed eight times: twice
in 1972 and ¢ :e each in 1973, 1975, 1978, 1979, 1981, and 1983. During 1981,
nine additior .= monuments were established for the BWIP to expand the
previously established network in the reference repository location. The
purpose of this expansion was to measure any horizontal strain that might be
accumulating ong the Rattlesnake-Wallula alignment.
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Cohassett flow (a depth of 976 m (3,200 ft)), a temperature of approximately
57 °C (135 °F) wo. 1 be predicted. Pacific Northwest Laboratory ran a
temperature log through the 100-m- (300-ft-) thick Cohassett flow that
recorded 45 °C (113 °F) at 926 m (3,036 ft) and 47 °C (117 °F) at 1,017 m
(3,336 ft). Therefore, the range of predicted temperatures for the Cohassett
flow at the proposed repository location is from 45 to 57 °C (113 to 135 °F).

The differences in the temperature surveys run by the two contractors has
to be resolved before a narrower range of expected ambient temperaures can be
determined. The differences may be due to the time when the temperature
survey was run relative to the time when drilling stopped. Typically,
borehole fluids circulated through the formation during drilling reduces the
formation temperature by approximately 10%. A sufficient time interval
between ceasing drilling and running a temperature survey needs to take place,
so that the formation can reach thermal equilibrium. Instrument calibration
prior to the ‘'mperature survey was done by both of the contractors mentioned
above.

An assessment of geothermal resource potential for the Pasco Basin and
vicinity was orepared for the BWIP by Murphy and Johnpeer (1981). These
authors selet 2d data from Korosec and Schuster (1980) and from the BWIP,
using only what they considered to be the most reliable data. The thermal
gradients thi they determined were within the range of 35 to 45 °C/km (152 to
210 °F/mi) and are considered normal. However, within the Hanford Site,
several exce|] ions 're listed, with three boreholes having geothermal
gradients of 45 to 50 °C/km (181 to 196 °F/mi). In addition, a group of five
wells northeast of the Hanford Site had measured and calculated gradients
above normal (40 to 90 °C/km (167 to 312 °F/mi). Although the authors
indicated that further investigation of the causes for these elevated
gradients is warranted, they judged the potential for high- and intermediate-
temperature « >thermal systems in the Pasco Basin to be insignificant.
However, they believe there is the potential for low-temperature hydrothermal
convection systems within the Pasco Basin.

Inherent prol 'ms existing within any temperature survey can include
(1) the methods u: | for selecting the temperature data, (2) the methods used
for determining the geothermal gradients, and (3) the quality control of
thermal tool calibration. The least reliable temperature measurements are
from shallow, uncased, or poorly cased water wells, where temperature logs are
often run from water table to the top of the aquifer. The st reliable
temperature measurements are made in deeper holes, using high-resolution
temperature probes. Therefore, understanding how and where the temperature
data were collected in the borehole is important to describe accurately the
geothermal regime of this area.

The inherent problems associated with temperature surveys and resulting
assessments for geothern | regimes are demonstrated by the two contractors
discussed above. The uncertainties of the data selected and the different
methods used for determining the geothermal gradient suggest that a thorough
review and assessment of the temperature surveys available in the Hanford Site
should be performed. Plans for additional geothermal work are discussed in
Section 8.3.1.6.
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1.3.2.5.1.2 Thermal properties

Thermal properties of the Grande Ronde Basalt and Umtanum and Pomona
flows on the Hanford Site have been compiled and analyzed in reports by
Schmidt et al. (1980), FSI (1980), and Sublette (1983), and are discussed in
Section 2.4 (Tables 2.4-5 through 2.4-8).

1.3.2.5.1.3 Heat flux

Heat flow measured at the Earth's surface is the effect of crustal and
mantle radioactivity, heat st ‘ces, regional hydrology, and thermal refraction
(related to structurally or depositionally created thermal conductivity
contrasts). Mechanisms for heat tran * in the Earth are through conduction,
« ve don, a ~ ad ;ion. Heat tran * by ri ;ion - cons  » |
insignificant at crustal depths.

The thermal effects of conduction are mathematically expressed using a
diffusion equation. The diffusion equation can be simplified to a one-
dimensional, steady-state equation and used to determine a heat flow value:

Q = K dT/dz
where
Q = Heat flow
K = Thermal conductivity

dT/dz

Geothermal gradient.

Transmission of heat by convection is through vertical movément of the
heat-transporting medium (water) as a result of density differences.
Advection is the horizontal movement of water as a result of hydraulic
pressure gradients. Convection and advection in a groundwater system will
disturb the geothermal gradient and introduce errors into heat flow, which is
estimated using a purely conductive heat flow model.

The interpretation of the geothermal gradient must take into account the
influences of local geology and hydrology on the temperature-depth curve. If
conductive heat flow dominates, a uniform temperature-depth curve is observed.
Sharp perturbations in the temperature-depth profile are indicative of
hydrologic and (or) geologic (thermal refraction) effects on the geothermal
gradient. Figure 1.3-69 demonstrates the effects of local hydrology and local
geology on the temperature-depth curve in a borehole (DC-23GR) drilled at the
Hanford Site. The fluctuations of the temperature-depth curve in
Figure 1.3-69 occur at flow tops where permeability is high, compared to the
the lower permeabilities of flow interiors. The temperature survey was run
before any hydrologic testing. The cooling effect, or sharp temperature
drops, can be interpreted to represent invasion of the drilling fluid into the
formation. Deviations in temperature profiles from temperature surveys run
soon after drilling and prior to hydrologic testing can be used to delineate
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permeable zones, thus helping define hydrologic conditions in the vicinity of
the borehole.

The complexity in interpreting the thermal pattern in the Columbia
Plateau is discussed by Blackwell et al. (1985) with respect to changing water
flow conditions in a hole through time. Three temperature surveys, shown in
Figure 1.3-70, were run on a deep hydrocarbon exploration well (Development
Associates Basalt Explorer No. 1) over a 20-yr period. Blackwell et al.
(1985) have interpreted the water flow conditions of the well from the three
temperature curves. The conditions appear to be simplest in 1961, with the
water table at 40 m (131 ft); water flowed downhole to between 700 to 800 m
(2,297 to 2,625 ft) and discharged into the formation. Between 800 and
1,200 m '~ ,( i to 3,937 ft), the temperature grad it appears constant, except
at the bottom where an isothermal section sug¢ its either intrahole water flow
or possible hangup of the cable in the hole. In 1972, the water flow pattern
had changed. Water entered at the 500-m (1,640-ft) depth with upward flow
between 300 to 500 m (984 to 1,640 ft) and downward flow between 500 to 800 m
(1,640 to 2,625 ft). 1In 1981, the flow pattern had changed again; water was
entering at the water table and discharging at depths of 210 to 300 m (689 to
984 ft) and approximately 450 m (1,476 ft). Figures 1.3-69 and 1.3-70 clearly
demonstrate the effect that water flow can have on - iperature-depth curves
and that water flow patterns change through time.

In determining heat flow, it is important to ascertain the dominant
mechanism for heat transfer. In the Columbia Plateau, heat transfer by
convection and advection associated with hydrologic systems is an important
parameter in the overall regional heat flow. Errors in estimating heat flow
can be introduced if heat transfer is affected by advective/convective
mechanisms in a region, and a purely conductive heat flow model is assumed in
the numerical analyses. Proper treatment of the heat flow data would inciude
advective, convective, and conductive mechanisms in the derivation of the
governing equations.

Four data points for heat flow have been reported by Blackwell (1980) for
the Pasco Basin. The locations of these data points relative to the Hanford
Site are indicated on Figure 1.3-71. Available temperature surveys, coupled
with thermal conductivity data, could be used to determine additional heat
flow values in the Pasco Basin.

1.3.2.5.2 Geothermal implications
1.3.2.5.2.1 Tectonics

_ Several authors (Baksi and Watkins, 1973; Swanson et al., 1975) have
attempted to identify the tectonic regime that produced the Columbia River
basalts. The authors compare the estimated rate of accumulation of Columbia
River basalts to different tectonic regimes where similar volumes and types of
basalts are being produced. The tectonic regimes include ocean island (hot
spots) and ocean (spreading) ridges. Baksi and Watkins (1973) calculated the
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Figure 1.3-70. Temperature-depth curves for Development Associates Basalt
Explorer No. 1. Three logs measured over a 20-yr period are illustrated
for this hole. Every fifth point on each log is plotted by a symbol
(direction of water flow interpreted by Blackwell et al., 1985).
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accumulation ratg of e Columbia River basalts to be 1.1 x 10-1 km3/yr

(0.028 x 10-1 mi /yr). They consider this to be two to three times the
production rate of oceanic islands and four to six times the production rate
of spreading ocean ridges. Swanson et al. (1975) indicate that rates of
discharge of some Yakima Basalt Subgroup flows were comparable to those of
older flows of Mauna Loa and Kilauea; while other flows, including e Roza
flows, were erupted at rates of three to four orders of magnitude higher.
Hawaiian rates of magma production have varied with time (Shaw, 1973), and the
current rate is considered a maximum. Swanson et al. (1975) suggest that the
Yakima Basalt Subgroup production rate appears to be comparable to, but more
1ikely several times ‘-eater than, the rate along most ridges. The production
rates described above ror the two tectonic regimes that produce large volumes
of basalts si lar to those of the Columbia River basalts are inconclusi' in
identifying the precise tectonic regime for Columbia River basalt production.

Parameters to consider in discerning geothermal implications associated
with the tectonic regime ‘e those that contributed to the development of
magma supply and eruption and subsequent accumulation of Colimbia River
basalts. These parameters are based on chemical and physici properties that
may control magma production and eruption. Some of these parameters are magma
reservoir size (large, small, or equal to approximate volume of accumulated
basalt), magma reservoir location (mantle or crust), and number(s) of magma
reservoir(s) (one large or many small).

Tolan et al. (1987) has determined the areal extent and volume of the
Columbia River Basalt Group. Table 1.3-9 lists the time interval for
eruptions and volumes for the major Columbia River basalts. The rates of
accumulation - - the sequence of basalts decrease through time. The Grande
Ronde Basalt * »iresents the largest volume of basalt erupted over the shortest
time interval, whereas the Saddle Mountains Basalt represents the smallest
volume erupted over the longest time interval. The geothermal implication
that can be drawn from the waning volcanism is that the mechanism responsible
for the magma roduction, eruption, and subsequent accumulation of the
Columbia River basalts has not been active for the past 6 m.y.

The implications of various possible tectonic regimes that led to the
eruption of the Columbia River Basalt Group affected the possible magnitude,
duration, and dissipation of heat flux within the crust and at the Earth's
surface. The resulting heat residing within the rocks due to the tectonic
regime that led to the eruption of the Columbia River basalts affected the
geothermal regime and, consequently, the geothermal resource potential.

Regional heat flow maps have been developed for western North America,
and patterns of high and low heat flow have been associated with certain
tectonic regimes (Blackwell, 1969, 1978; Roy et al., 1968; Sass et al., 1971).
The tectonic implications of heat flow patterns and gravity anomalies, with
respect to subduction and arc volcanism in the Pacific Northwest, have been
discussed by severié authors. They include studies in the Idaho Snake River
Plain (Brott et al., 1978). northern Oregon (Blackwell et al., 1982), and
southwestern British Colur ia (Hyndman, 1976). Heat flow patterns observed in
the western part of the Pacific Northwest are considered to be related to the
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Table 1.3-9. Age, duration, volume, percent of total volume, and
rate of accumulation of major Columbia River Basalts

Total Rate of

Age
Formation m.y: V?l;@ volume accumu]ation,
(duration) (%) (km3/m.y.)
Saddle Mountains Basalt 6.0 - 14.5 2,393 <l 282
(8.5)
Wanapum Basalt 14.5 - 15.6 10,673 6 9,703
(1.1)
Grande | t 15 ~ - 16.5 1 87 93,616
(1.3)
Picture Gorge/Imnaha Basalt >16.5 8,164 5 --

NOTE: The rate of accumulation decreases with younger age of the
formations

subduction zone of Oregon and Washington (Blackwell et al., 1982). The high
heat flow inland in southern British Columbia is considered by Berry et al.
(1971) to be the northern extension of the Cordilleran thermal zone of
Blackwell (1969), which includes the Columbia Plateau, northern Rocky
Mountains, and the Basin and Range geologic provinces.

Present knowledge of heat flow and its association with tectonics
relative to long-term stability are not well understood for the Columbia
Plateau (Section 1.5).

1.3.2.5.2.2 Repository design

The geothermal implications for repository design are addressed in
Section 2.9.3.6 and Section 6.2.6.3.1.

1.3.2.5.2.3 Repositr+y p=~formar--

The geothermal implications for repository performance are addressed in
Section 8.3.5.

1.3.2.5.2.4 Enr--y_resource extraction

Murphy and Johnpeer (1981) published a study that discusses the potential
for low-temperature hydrothermal convection systems within the Pasco Basin.
Comparing the Pasco Basin to areas of high geothermal resource potential
(average greater than 100 mW/m2), such as the Oregon Cascades, southern Idaho,
Imperial Valley, and Rio Grande Rift, the authors state that there is no
indication that a localized heat source is present within the Pasco Basin, or
that the region is characterized by anomalously high heat flow.
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The Washington State Energy Office conducted a study for the Bonneville
Power Administration in 385 that evaluated geothermal and economic data, and
ranked 1,265 potential geothermal resource sites in Washington, Oregon, Idaho,
and Montana. Several potential sites ranked for direct low temperature
geothermal utilization are in close proximity (less than 72 km (less than
45 mi)) to the repository site (Bloomquist, 1985, Table 10.2). Some of these
sites and their ranks include Yakima (3rd), Richland (18th), Pasco (20th), and
Othello (53rd).
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1.4 SEISMOLOGY OF CANDIDATE AREA AND SITE

1.4.1 SEISMOLOGY OF THE CANDIDATE AREA

1.4.1.1 Seismicity of ~»~didate area

1.4, 1.1 | jional setting

An analysis of earthquake activity in areas beyond the Columbia Plateau
is necessary to provide an understanding of the tectonic setting and for
subsequent determination of earthquake risk to a repository. The regional
setting to be considered in the following description is the area generally
referred to as the Pacific Northwest, which includes Washington State and
parts of Oregon, Idaho, and British Columbia. The historic record of
earthquake activity in this region dates from about 1840. The early part of
the record is based on felt reports and is probably incomplete, since the
region was sparsely populated and seismograph networks did not start providing
reasonably complete coverage of eastern Washington State until approximately
1969. Hence, the early history is qualitative and provides only general
information about regional seismicity.

Numerous earthquakes of modified Mercalli (MM) intensity V or greater
have occurred in the Pacific Northwest (Fig. 1.4-1; Coffman and von Hake,
1982), most of which are concentrated west of the Cascade Range. The
strongest and most numerous shocks have occurred in the vicinity of Puget
Sound. One of the largest known events occurred in the Strait of Georgia on
June 23, 1946, and produced an MM intensity of VIII and magnitude of 7.3.
Another large event occurred near Qlympia, Washington, on April 13, 1949, of
magnitude 7.1 and an MM intensity VIII. A large event of uncertain location
and size occurred in north-central Washington on December 14, 1872. Current
NRC consensus for this event assigns a maximum MM intensity ranging from VIII
to IX and a surface-wave magnitude of approximately 7, and places it somewhere
within a broad region of the Northern Cascades-Okanogan Tectonic Province
extending from near Lake Chelan, Washington, to southern British Columbia
(NRC, 1982, pp. 2-31 to 2-32, and Appendix G). Analyses of isoseismal data
suggest that a location in the northern part of this broad region is most
appropriate (Malone and Bor, 1979). The largest earthquakes east of the
Cascades were the 1959 Hebgen Lake, Montana, earthquake, which had a surface-
wave magnitude of 7.5 (Doser, 1985), and the Borah Peak, Idaho, event, which
had a surface-wave magnitude of 7.3 (Doser and Smith, 1985).

The distribution of instrumentally located events for the period 1965
through 1979 is shown in Figures 1.4-2 and 1.4-3. Most of the activity in
Washington State occurs in the Puget Sound area; this is especially true for
events with focal depths greater than approximately 10 km (6 mi). Reviews of
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seismicity in the Puget Sound lowland can be found in Rasmussen (1967),
Crosson (1972), and Stepp (1973). This zone of relatively high seismic
activity extends northwestward into British Columbia across Vancouver Island,
the Strait of Juan de Fuca, and the Strait of Georgia. Near the center of
Vancouver Island, the trend turns we: vard and joins a zone of high earthquake
activity that is associated with an active sea-floor spreading center and
transform faults (Chandra, 1974; Milne et al., 1978). Relatively high
activity continues southward through the Willamette Valley in Oregon, where it
diminishes south of Eugene, Oregon (Couch and Lowell, 1971; Crosson, 1972).

Within the Puget Sound area, earthquakes as large as magnitude 7.1, with
focal depths as deep as 90 km (56 mi), have occurred. Most earthquakes and,
in particular, most of the larger events have occurred at focal depths greater
than 10 km (6 mi), which is in distinct contrast to the magnitudes and focal
depths of events east of the Cascade Range (See Fig. 1.4-2 and 1.4-3).

Focal mechanism solutions for earthquakes in the Puget Sound area are
reviewed by Weaver and Smith (1983, p. 10,380-10,383). Crustal earthquakes
show northeast- to north-directed maximum compressive axes, with a mixture of
strike-s1ip and reverse faulting. The northeast-directed maximum compression,
found predominantly in southwest Washington, roughly parallels the inferred
relative plate convergence direction. The deeper earthquakes, including the
1965 Seattle earthquake (body-wave magn- ide 6.5), have focal mechanisms that
indicate normal faulting with tensional axes dipping 25° to the northeast.
The deeper earthquakes are believed to be occurring in the subducted plate,
and the tension axes tend to parallel the inferred dip of the subducting
plate. Baker and Langston (1987) suggest that the tension axis of the 1949
South Puget Sound earthquake (magnitude 7.1) also parallels the dip direction
of the subducting plate. Heaton and Kanamori (1984) review the evidence for
present day subduction, and compare the Pacific Northwest subduction zone and
its earthquake potential to other regions of active subduction.

In the Pacific Northwest, east of the Cascade Range and west of the Rocky
Mountain Crest, earthquake activity is relatively low, with the largest events
limited to magnitudes that rarely exceed 7. The 1959 Hebgen Lake, Montana,
and the 1983 Borah Peak, Idaho, events are the exceptions in the historical
record, with surface-wave magnitudes of 7.5 (Doser, 1985) and 7.3 (Doser and
Smith, 1985), respectively. The most seismic activity occurs in a zone that
extends in a northwesterly direction across central Idaho and appears to
branch off from a Targer north-trending zone in Utah referred to as the
Intermountain Seismic Belt (see Fig. .4-1). The former zone, known as the
Idaho Seismic Belt, is an area of shailow earthquake activity that extends
across the Idaho Batholith province (Smith and Sbar, 1974; Vincent and
Applegate, 1978). Earthquakes in the Idaho Seismic Belt typicaliy have focal
depths less than 15 km (9 mi), magnitudes less than approximately 6, and occur
as swarms of events. They can: frequently be correlated with post-Miocene
faulting where geologic maps are available (Vincent and Applegate, 1978). To
the south of this belt, the Snake River Plain appears as an area of Tow
earthquake activity, as indicated by historical reports of felt events and by
the instrumental record (Smith and Sbar, 1974; Pennington et al., 1974).
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Figure 1.4-4. The distribution of seismograph stations in
the Pacific Northwest before 1969 (upper figure) and as of
1984 (lower figure) (UWGP, 1984).
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A comprehensive catalog of historical earthquakes was assembled as part
of the nuclear powerplant siting investigations conducted during the late
1970s, which included a listing of all events of MM intensity III, or
magnitudes 3.0 and larger, for the Pacific Northwest through December 1979
(WPPSS, 1981, pp. 2.5-221 to 2.5-393). A summary of larger events can also be
found in Coffman and von Hake (1982), and more detailed accounts are included
in annual reports of the Environmental Data and Information Service of the
National Oceanic and Atmospheric Administration.

Using the above sources, Table 1.4-2 has been compiled to 1ist all
earthquakes known to have occurred in the Columbia Plateau that have MM
intensities greater than IV or magnitudes of 4.0 or greater. The record for
events having an MM intensity of less than IV or a magnitude less than 4.0 is
incomplete for the area; therefore, these smaller its are not included in
Table 1.4-2. The Washington Public Power Supply System (WPPSS, 1981,

Table 2.5-5, pp. 2.5-220 to 2.5-385) lists the magnitude 3.0 and MM
intensity III events felt and (or) located in the Pacific Northwest.

1.4.1.1.3.2 Description of selected earthquakes

On December 4, 1872 a major ear quake occurred somewhere in the vicinity
of north-central Washington State. Because of the sparse population and lack
of recording instruments at that time, the location and size of this
earthquake are uncertain. The earthquake was studied during siting
investigations for nuclear powerplants in both western and eastern Washington
State. A review by the Washington Public Power Supply System indicated the
1872 earthquake had a maximum MM intensity of VIII to IX and a surface-wave
magnitude of 7 to 7-1/4 (WPPSS, 1981, pp. 2.5-115 through 2.5-118), in general
agreement with the findings of the NRC and the U.S. Geological Survey (NRC,
1982, pp. 2-31 to 2-31, and Appendix G). The Washington Public Power Supply
System study also concluded that the earthquake occurred within the Northern
Cascades tectonic province in a broad meizoseismal zone extending northward
from the vicinity of Lake Chelan to southern British Columbia. The NRC
concluded (NRC, 1982) that the boundary between the North Cascades tectonic
province and the Columbia Plateau is about 140 km (88 mi) north of the Hanford
Site at its closest approach.

On March 5, 1893, an earthquake occurred near Umatilla, Oregon, which is
about 70 km (44 mi) south of the reference repository location. Early
estimates suggested that this earthquake had a maximum MM intensity of VII,
but this was subsequently reduced to MM intensity VI (WPPSS, 1981, p. 123).
The earthquake appears to have affected only a limited area, as no felt
reports could be found during a search of old newspapers from Pendleton and
Milton-Freewater, Oregon, and Yakima, Walla Walla, and Spokane, Washington
(WPPSS, 1981, p. 123).

An earthquake occurred in the vicinity of the Saddle Mountains and
Frenchman Hills on November 1, 1918, which was followed by several, smaller
events over subsequent weeks. The original report of this event (BSSA, 1918;
also, WPPSS, 1981, p. 2.5-120) estimated a Rossi-Forel epicentral intensity
of IV, which is equivalent to an MM intensity IV to V (Richter, 1958,
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Appendix III). Contemporary catalogs (Rasmussen, 1967; Coffman and von Hake,
1982) assign an MM intensity V to VI and place this event near White Bluffs,
Washington although a reevaluation of felt reports of the event (Fifer, 1966)
suggests that the epicenter was approximately 15 km (8 mi) to the northeast
near Corfu, Washington. Recently, the instrumental location and magnitude of
this event have been estimated from the lone seismogram recorded at Spokane or
station SPO (WPPSS, 1981, pp. 2.5J-36 to -37). The travel time differences
between the S and P waves indicate a location in the vicinity of the east end
of the Saddle Mountains and the Frenchman Hills (WPPSS, 1981, pp. 2.5J-36 to
-37, and Fig. 2.5J-31). A surface-wave magnitude of 4.4 is estimated on the
basis of the recorc | waveform and an empirical moment-magnitude relationship
(WPPSS, 1981, p. 2.53-36). : :

The lar¢ it ¢ ~thquake I wn to have occurred within the Columbia Plateau
was the July 16, 1936, Milton-Freewater, Oregon, earthquake. This earthquake
was felt over much of eastern Washington State and northeastern Oregon and was
accompanied by a number of foreshocks and aftershocks (Rasmussen, 1967,

p. 468; WCC, 1980c, p. 28). The maximum epicentral intensity was estimated to
be MM VII, and the surface-wave magnitude was originally estimated to be 5-3/4
(Gutenberg and Richter, 1965, p. 164). An evaluation of Gutenberg's original
seismographic data suggested that the Richter magnitude could be as high as
6.1 (WCC, 1980c, p. 12). A reevaluation using station corrections (WCC, 1982)
yielded a surface wave magnitude of 5.7 to 5.8 (NRC, 1982, G-17).

The location of the 1936 earthquake and, therefore, its association with
a known geologic structure are uncertain. A summary of the various locations
of the event is given in WCC (1980c). The epicenter was originally estimated
as 45° 50' N, 118° 18' W, near Milton-Freewater, Oregon, on the basis of felt
reports. The earliest determinations based on the instrumental data place the
epicenter at 46.2° N, 118.2° W, northeast of Walla Walla and approximately
30 km (18 mi) north of the felt epicenter. Most recently, WCC (1980c)
estimated a location at 46° 12.3' N, 118° 14.0' W from a reexamination of the
instrumental data.

The spatial and temporal distributions of aftershocks of the 1936 Milton-
Freewater, Oregon, earthquake, along with fault-plane solutions, indicate a
north to northeast-trending fault plane, which is consistent with the trend of
the Hite Fault System (NRC, 1982). However, this north-northeast trend lies
to the west of the surface trace of the Hite Fault. Because of the uncer-
tainty in associating this earthquake to a specific structure, the NRC
concluded that it could have occurred along the Hite Fault System, the
Rattlesnake-Wallula alignment, or some as-yet unmapped fault.

A coda-length magnitude 4.1 earthquake occurred near College Place,
Washington, on April 8, 1979. This was a shallow event with a focal depth of
between 3 and 6 km (1.9 to 3.7 mi) and a fault-plane solution that suggests
east-west compression (see Section 1.4, .2.3). This earthquake and the 1936
Milton-Freewater, Oregon, earthquake both occurred 20 to 30 km (13 to 19 mi)
west of, the surface trace of the Hite Fault. However, there is no clear
evidence to associate these events with the Hite Fault (NRC, 1982, p. G-22).
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1.4.1.1.4 Characteristics of earthquakes

1.4.1.1.4.1 General characteristics

The hit Jric record of events with epicentral intensities of MM IV or
greater (Fig. 1.4-5) and the seismographic record of events of magnitude 3 or
greater (Fig. 1.4-2, 1.4-3, 1.4-6, 1.4-7) are remarkably similar, and indicate
that the major seismicity of the Columbia Plateau is broadly scattered. The
seismographic record, which commenced in 1969 (see Section 1.4.1.1.2), reveals
that areas ( concentrated seismicity occur near Lake Chelan and in the
central Columbia Plateau. The seismicity near Lake Chelan is not considered
further because it occurs within a tectonic province (the rth Cascades
Tectonic Province) that is distinct from the Columbia Plateau (WPPSS 1981,
pp. 2.5J-13 to -14; NRC 1982, pp 2-31 to -32, and G-24 to -25), and is distant
enough that its effects at the Hanford Site are not as imp ‘tant as that due
to the central plateau seismicity (WPPSS, 1981, p. 2.5J-14).

Most of the currently observed seismicity of the central Columbia Plateau
is concentri 2d between the Saddle Mountains and Frenchman Hills, and between
the Sadc 2 Mountains and the Gable Mountain-Gable Butte area. The regional
detection threshold has varied over time as the seismograp ¢ covera: has
evolved (see WPPSS, 1981, Table 2.5J-1) but for events of magnitude 2 or
greater, concentrations have persisted (WPPSS, 1981, p. 2.5J-14). Events of
magnitude less than 2 may occur beyond the vicinity of the Hanford Site,
particularly to the west and southwest, but the sparseness of coverage in
these areas (see Fig. 1.4-4) does not guarantee a complete record.

The densest groups of epicenters (see Fig. 1.4-3 and 1.4-7) are swarms.
An earthqual swarm may be defined as a cluster of events of comparable
magnitude that first wax and then wane in number with no one outstanding
event; the main criterion here is that no "outstanding" (large) event occurs.
An outstanding event is considered a mainshock, and any earthquakes that
precede or follow it are considered foreshock or aftershock activity.
However, because of the low seismicity rates and generally small magnitudes of
events that ave been observed in the central plateau region (roughly 90% have
magnitudes of 2 or less), the distinction between swarm and nonswarm activity
is not always clear. Thus, Malone et al. (1975) described 1973-74 Royal Slope
swarm as having characteristics of both a swarm and & mainshock-aftershock
sequence because the aftershocks of the first and largest event (coda-length
magnitude 4.4) persiste much longer than expected for an event of that size.

Based on the seism |raphic record, Columbia Plateau seismicity segregates
by depth into three zones: 0-4 km, 4-8 km, and deeper than 8 km (see WPPSS,
1981, Fig. 2.5J-11 to - 14). On the order of 90% of the seismicity occurs at
depths less that 8 km, and most of this shallow seismicity (70-80%) occurs in
the uppermo: 4 km (2.5 mi) (Figure 1.4-8; WPPSS, 1981, pp. 2.5J-15 to -17;
Rasmussen, 1987). ) seismicity has been observed below the local Moho depth
of 30 km. These shallow, intermediate, and deep zones coincide approximately
with zones of basalt, s )-basalt sediment, and crystalline basement,
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Since 1969, when the collection of local Columbia Plateau seismographic
data began, most swarm events have been observed to have coda-length
magnitudes of about 1.5 or less. The largest swarm event has been the 4.4
coda-length magnitude 1973 Royal Slope shock, which in some ways exhibited
mainshock characteristics (see Section 1.4.1.1.4.4). As stated previously,
only about 10% of the seismicity at depths less than 8 km (5 mi) exceed
(coda-length) magnitude 2.0.

1.4.1.1.4.3 Deep seiemicity

Below about 8 km (5 mi) depth, the seismicity in the central Columbia
Plateau displays characteristics that are quite distinct from shallower
seismicity. Deeper seismicity is generally diffusely distributed throughout

ie Colv ia Plateau (see Fig. 1.4-11). As discussed above in
Section 1.4.1.1.4.2, the few "deep" clusters may in fact be occurring at
shallower depths. These clusters occur at the eastern end of the Saddle
Mountains where the Scootney Reservoir and Connell swarm areas extend to 10
and 12 km (6.2 and 7.5 mi), respectively, at a single area between the
Frenchman Hills and the Saddle Mountains near Corfu, and south of the Horse
Heaven Hills near Prosser. The numbers of events in these deep clusters are
far fewer than the number in shallower swarms.

The few focal mechanisms that have been developed for the deep seismicity
(WCC, 1980b, p. 4) reflect reverse slip on east-to-northeast striking planes,
and are generally similar to shallow mechanisms (WPPSS, 1981, pp. 2.5J-37 and
2.53-38).

1.4.1.2 Relationship of seismicity to geolo~i~ and
tectonic characteristics of ~indida.e area

Perkins et al. (1980), in estimating the ground motion in the Pacific
Northwest, average details of seismicity and physiography over broad regions
to define seismogenic zones. Their approach is empirical and generally does
not attempt to explain the causes of seismicity. The region that incliudes the
Hanford Site (their zone 5) is delineated to the north by the increased
seismicity of the North Cascades and elsewhere by contacts of the Columbia
Plateau with other geologic provinces. The seismicity of zone 5 is modeled as
a uniform distribution of near-surface earthquakes, in recognition of the low
occurrence rates and magnitudes of earthquakes, and of the lack of
demonstrably active seismogenic structures. Furthermore, their uniform
seismicity statistics for the four zones east of the Cascade Range have been
defined despite the substantial differences among the zones in the detailed
seismicity and geology. This averaged characterization is repeated in the
final U.S. Geological Survey review of the geology and seismology of
Washington Public Power Supply System Project WNP-2, which was written by
essentially tI same authors, in their statement that "the rate of occurrence
of magnitude... 3 to 4 events is about the normally expected level of activity
for alb;oad area in Washington State east of the Cascades" (NRC, 1982,

p. G-16).
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On the basis of instrumentally recorded seismicity, Woodward-Clyde
Consultants identified two areas of concentrated activity w 1in the
boundaries of the Columbia Plateau: one on the northwest periphery of the
plateau near Lake Chelan, and the other in the central Columbia Plateau, which
encompasses the Hanford ! :.e (WPPSS, 1981, p. 2.5J-13). The central Columbia
Plateau is a rectangular region that includes the Frenchman Hills to the
northwest and Wallula Gap to the southeast. The regions of greatest seismic
activity within this rect igle lie between, and en echelon to the southeast
of , Saddle Mountain and Frenchman Hills (see Fig. 1.4-7). The shallow depths
of most of this activity ‘e in the basalt layer.

Reliable fault plane solutions and composites of the swarm events suggest
a variety of slip planes, even within individual swarms, but all are consis-
tent with the regionally observed north-south compression (Malone et al.,
1975; Rothe, 1978; Rohay and Davis, 1983). Rothe (1978) has proposed that
this multiplicity of fault planes results from slip on columnar joint faces in
the basalt in response to the regional north-south compression.

1.4.1.2.1 Seismicity and crustal structure

Interpretation of the crustal structure of the Columbia Plateau is based
on seismic refraction, magnetotelluric surveys, distribution of earthquakes,
and seismic characteristics of earthquakes in the Columbia River basalt
(Fig. 1.4-12). Based on seismic velocities, the central Columbia Plateau has
an upper layer, approximately 4 km (2.5 mi) thick with a velocity of 5.2 km/s
(3.2 mi/s), that is interpreted to be Columbia River basalt (Rohay et al.,
1985, p. 17). Magnetotelluric data indicate that below the basalt lies a
conductive layer 3- to 5-km (1.9- to 3.1-mi) thick considered to be a late
Mesozoic to early Tertiary sedimentary sequence (Mitchell and Bergstrom, 1983,
pp. 4-11 to 4-13).

The largest magnitude and numbers of earthquakes observed since the start
of detailed monitoring at the Hanford Site in 1969 occur at depths less than
approximately 5 km (3.1 mi). At greater depths, fewer and generally lower
magnitude events are seen, suggesting that the majority of the earthquakes in
the central Cc imbia Plateau, particularly the microearthquake swarms, are
occurring witt 1 the Colur ia River basalt.

Based on the analysis of the 1975 Wooded Island swarm, Rothe (1978,
pp. 152-166) proposed that swarms in the Columbia Plateau are a result of slip
caused by regional north-: ith compression along vertical co mnar joints in
the basalt. Correlations among event depths, high seismic velocities, and
well logs imply that - e Wooded Island swarm occurred within 1salt flows.
Magnitudes for this swarm Jlustered around a value of coda-1¢ jth
magnitude 1.5, causing a hreak in the b-value. Laboratory studies by Mogi
(1963) suggest that a brei in b-values is indicative of a ri Jilar seismogenic
structure with some characteristic dimension (i.e., the flow thickness). The
observed vertical migration of swarm activity between flows was explained by
Rothe (1978, pp. 152-166) as a result of aseismic stress proj} 3jation in the
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weathered zones, interbeds, and breccias. The higher b-values of s\ 'ms
compared to nonswarm events may be explained in part by the characteristic
magnitude exhibited by the former.

1.4.1.2.2 Patterns in earthquake distributions

As discussed in Section 1.4.1.1.4.2, approximately 90% of the central
Columbia Plateau seismicity occurs at depths shallower than 8 km (5 mi), and
about 75% at depths shallower than 4 km (2.5 mi). The observed shallow
activity is located primarily north and northeast of the Columbia River horn
(see Fig. 1.4- and -10) and appears to parallel contours of depth to the
crystalline basement developed in a recent time-term analysis of refraction
data (see Rohay et al., 1985). The activity north of the horn occurs in the
vicinity of the Sac /e Mountains and Frenchman Hills. An alignment of
epicenters parallels the Saddle Mountain anticline axis, but, based on current
locations, does not appear to define any planar surfaces. Also, the
distribution of the larger events does not appear to be related to faults that
have been mapped on the Saddle untains or Frenchman Hills. However, such an
associatin cannot be ruled out; because locations in this area are subject to
uncertainties due to strong lateral heterogeneities in seismic velocities.
Swarm locales south of the Saddle Mountains are separated by relatively broad
aseismic areas.

Delineation of patterns suggestive of faulting surfaces ; hampered in
the central Columbia Plateau by the combination of low seismirity, location
precision, and small swarm dimensions and magnitudes. The o1 s reliable
identification of faulting surfaces is for the previously discussed 1973
Eltopia swarm (see Section 1.4.1.1.4.2), in which planes of three well-
constrained cormnosite focal mechanisms parallel planar distributions of
hypocenters. ..ie strikes of these three planes are east, east-northeast, and
northeast, and all dip steeply at 40° or more. None of these mechanisms is
inconsistent with the observed local tectonic stress (see Section 1.3.2.3) if
it is assumed that slip occurred on a variety of surfaces. '

In general, the pattern and distribution of earthquakes ‘:eper than about
8 km (5 mi) do not exhibit an obvious relationship to known folds or faults
having surface expression. Also, this seismicity generally does not coincide
with areas of intense shallow swarm activity, t : rather, it :curs in a
diffuse pattern.

1.4.1.2.3 Focal mechanism and stress orientation

Focal mechanisms for earthquakes in the Columbia Plateau and its
periphery are listed in Tables 1.4-4 through 1.4-6 and shown in Figure 1.4-13
through 1.4-16. They have been determined by several investigators both for
individual events of magnitude greater than approximately 3.0, and for
composites of smaller events associated with either swarms or small areas of
persistent activity. The absence of focal mechanism solutions for the area
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Table 1.4-4.

Eastern Washington regional focal me: anisms (sheet 2 of 2)

P-axis T-axis Plot l
Event location Date ty:ea Gradeb Comments Source
Azimuth | Plunge | Azimuth | Plunge

Hermiston 02/10/85 170 04 u/8 04 3 BAC=B [M=39 UWGP, 1985, fig. II-5 -
Halfway 1983 040 62 254 23 1 ACB: Composite UWGP, 1985, fig. V-7
Deschutes Vallev 04/13/76 196 12 006 78 1 C=X | Composite Couchetal, 1976, 1fig.4

nurte! w1 = viagnituae PST87-2005-1.0-12

Z = Depth
Ms = Surface wave magnitude.
aplot Type

1 = Lower hemisphere equal area (Schmidt)

2 = Upper hemisphere equal angle (wulff)

3 = Upper hemisphere equal area (Schmidt)

bGrading system: Grade A has a constraint of 2° to 10°, a scatter of 0% to 5%, and a distribution greater than 12 in both fields. Grade B has a con-

straint of 10°to 20°, a scatter of 5% to 10%, and a distribution greater than 8 in both fields. Grade C has a constraint of 20° to 30°, a scatter of 10% to 20%.
and a distribution greater than 4 in both fields. Grade D has a constraint greater than 30°, a scatter greater than 20%, and a distribution less than 4 in one
field. X represents an average grade less than C. Constraint is estimated dip and azimuth variation to change scatter or distribution one grade. Scatter s
the number of misfits per number of fits. Distribution is the number of fits minus the number of misfits.
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-Figure 1.4-13. Summary of selected eastern Washington earthquake focal
mechanisms. All single-event focal mechanisms are shown for earthquakes
with coda-length magnitude of 3.2 and larger, as lower hemisphere, equal-
area projections.
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REGIONAL EASTERN WASHINGTON SOLUTIONS
NORTH

@ P-AXES
O T-AXES
( ) LESS-RELIABLE AXES

NUMBERS REFER TO
LISTINGS IN TABLE 1.4-4

PS! -11

Figure 1.4-14. Eastern Washington regional earthquake
compression {P) and tension (T) axes. Numbers refer

to event numbers given in Table 1.4-4. Events 5, 6, 13,
and 19 of th:i table have been excluded from this fig-
ure. The less reliable data in parentheses correspond
to an average quality of "x" (see footnotes in

Table 1.4—4?

SHALLOW CENTRAL COLUMBIA PLATEAU -
NORTH

@ P-AXES

O T-AXES

oe MAGNITUDE <1.5

{ ) LESS-RELIABLE AXES

NUMBERS REFER TO
LISTINGS IN TABLE 1.4-6

PS8709-12

Figure 1.4-15. Central Columbia Plateau shallow earth-
quake compression (P) and tension (T) axes. Numbers
refer to event numbers given in Table 1.4-5. The less
reliable data in parentheses correspond to an average
quality of "x" (see foonotes in Table 1.4-5).
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DEEP CENTRAL COLUMBIA PLATEAU
NORTH

——ee

@ P-AXES
O T-AXES
{ ) LESS-RELIABLE AXES

O ALTERNATIVE T-AXES
FOR EVENT 1

NUMBERS REFER TO
LISTINGS IN TABLE 1.4-8

PS8709-13

Figure 1.4-16. Central Columbia Plateau earthquake com-
pression {P) and tension (T) axes. Numbers refer to
event numbers given in Table 1.4-6. The less reliable
data in parentheses correspond to an average quality of
"x" (see footnotes in Table 1.4-6).

east of the Pasco Basin, which is evident in Figure 1.4-13, is due to the
relatively low level of seismicity in the area and to the sparseness of the
seismic network in that area (see Fig. 1.4-4).

Analysis of first motions from earthquakes in the southeastern Cascade
Range in Washington and along the western border of the Columbia Plateau tend
to yield nearly pure strike-slip solutions, with conjugate northwest-striking
r' t-lateral slip or northeast-striking left-lateral slip (see Fig. 1.4-13
and 1.4-14). Most focal mechanisms in the central Columbia Plateau indicate
reverse slip along steeply-dipping, ea: - to northeast-striking planes (see
Fig. 1.4-13, 1.4-15, and 1.4-16), with Tittle difference between shallow (see
Fig. 1.4-15) and deep (see Fig. 1.4-16) events.

Detailed studies of several earthauake swarms have shown that no single
focal mechanism will fit all events (Mé¢ jne et al., 1975, pp. 855-865; Rothe,
1978, pp. 123-128). In addition, there is sufficient variation in the focal
mechanisms of small earthquakes to indicate that these events occur on a
variety of fault orientations, suggesting some inhomogeneity in the stress
field or variability in the orientation of potential faulting surfaces, such
as columnar jointing (Rothe, 1978, pp. 150-154).

Epicenter plots for several indivi 1al swarms exhibit an elongated

pattern oriented east-west; however, focal mechanism solutions suggest that
rupture has occurred on several planes, rather than a single plane, within
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these swarm areas. This is most strongly demonstrated by the first motion
data for the 1972-1973 Eltopia swarm (discussed in Section 1.4.1.1.1.2).

The east-west compression that is determined for events in the Waitsburg
and Walla Walla (Washin¢ on), and Milton-Freewater (Oregon) areas differs from
solutions for the central Columbia Plateau (see Table 1.4-4). These
earthquakes may be associated with the Hite Fault System, which strikes
roughly northeast-southwest; one of the inferred fault planes for the focal
mechanism solutions is parallel to this strike (WCC, 1980c, pp. 32-34).
Aftershocks of the 1936 event appeared to migrate in a southwesterly direction
(WPPSS, 1981, Amendment 18, p. 2.5-119), but location accuracy is poor. The
coda-length magnitude 4.1 event of 1979 near College Place, Washington, did
not have any aftershocks associated with it, which is unusual for an event of
this size, so selection of the Hite Fault orientation for the actual fault
plane is tentative. Detailed, temporary monitoring of this area did not
detect any ¢ )sequent small earthquakes (WCC, 1980c, p. 4), nor has there been
any concentr .ion of events evident since 1969, using the regional network
data, that could a¢ ist in d¢ ning a fault  iane for these events (si
Fig. 1.4-6).

Although focal mechanisms solutions vary widely across the Columbia
Plateau, in the central plateau the principal compression axes of most are
nearly horizontal and oriented approximately north-south (see Fig. 1.4-13 to
1.4-16). Notable exceptions occur southeast of Hanford Site near Walla Walla
and to the west at Selah. The Walla Walla area events, which include the
Richter magnitude 5-3/4 1ilton-Freewater event of 1936, may be associated with
the northeast-trending Hite Fault System; the Selah event is enigmatic in
1light of the virtually colocated, yet distinctly different Yakima event.

Focal mechanisms are commonly used to infer the local stress state that
is responsible for the earthquakes. There are limitations to this inference,
since the principal tensor axes of a mechanism corresponds to the local
principal stress axes only if the fault plane is a plane of maximum shear
(McKenzie, 1969). However, if numerous focal mechanism solutions are
available in an area wht 2 there is no preferred orientation to pre-existing
zones of weakness, the average orientation of principal st' ss directions
should approximate the ' gional stress field. This may be true for the
central Columbia Plateau; a principal compression axis that is horizontal and
generally oriented north-south, which is consistent with a similar stress
orientation postulated from both geologic data (see Section 1.3.2.2.1) and
rock mechanics data (see Sections 1.3.2.3.4, 1.3.2.3.5, and 2.6).

The difference in orientation of the axes of least co ression, from
vertical in the central Columbia Plateau to east-west on t° margin of the
southern Washington Cascades, suggests that deformation in 1e southern
Cascade Range is predominantly from strike-slip movement on northwest-
southwest oriented fault planes (UWGP, 1981, pp. 11-20). Right-lateral,
strike-slip faulting has been postulated along the Rattlesnake-Wallula
alignment in the central Columbia Plateau (Farooqui, 1980). Composite focal
mechanisms for deep events in proximity to the Rattlesnake allula alignment
indicate roggh]y equal parts of strike-slip and reverse movement (see
Fig. 1.4-16).
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1.4.1.3 Determination of ear*-~'~"e-nenava2ting potential
0¢ ~eologic structur _ ac*+~nir -~ones
witnin the candidate area

Estimates for the earthquake potential of structures and zones in the
central Columbia Plateau have been developed during the licensing of nuclear
powerplants at the Hanford Site. The NRC (1982, pp. 2-22 to 2-30), in its
review of the operating license application for the Washington Public Power
Supply System Project WNP-2 at the Hanford Site, concluded that four
earthquake sources should be considered for the purpose of seismic design: the
Rattlesnake-Wallula alignment, Gable Mountain, a floating earthc ike in the
tectonic province, and a swarm area.

For the Rattlesnake-Wallula alignment, the northern end of which is near
the reference repository location, the NRC assumed strike-siip motion with
minor amounts of oblique slip and a seismogenic length of 120 km (74.5 mi).
Using the relationship developed by Slemmons between fault length and surface-
wave magnitude (NRC, 1982, Appendix H) yields a surface-wave magnitude of 6.5.
This value is also supported by two other empirical magnitude relations, one
involving s1ip rate and the other involving rupture of fractional fault
lengths.

Of the five Gable Mountain faults, the NRC assumed that the Central
F 1t, which has the largest area, is capable of generating the largest event
(NRC, 1982, pp. 2-27 to 2-29). The empirical relationships described in NRC
(1982, Appendix H) are for faults with large areas and may not be valid for
the small dimensions of these faults. However, the NRC staff extended the
reverse-oblique slip data of Wyss (1979, pp. 336-340) on fault area versus
maximum magnitude to the lower values appropriate to the Gable Mountain faults
and estimated a maximum surface-wave magnitude of 5.0.

The floating earthquake for the tectonic province was developed from the
largest event felt or recorded on the Columbia Plateau, which occurred in 1936
near Milton-Freewater, Oregon, and had a surface-wave magnitude of 5 3/4
(Gutenberg and Richter, 1965, p. 164; NRC, 1982, p. 2-25). The conjugate
fault planes for this event indicate right-lateral strike-slip to the
northeast or left-lateral strike-slip to the northwest, both with some oblique
slip. Because of uncertainty in the association of this event with a specific
structure, the NRC stance was that a similar event could occur in the
im {iate vicinity of the Washington Public Power Supply System WNP-2 site.

The magnitude and location characteristics of the hypothetical swarm were
based on the observed seismicity. The largest Columbia Plateau swarm event
thus far observed (1973 Royal Slope earthquakes) had a coda-length magnitude
of 4.4 (Malone et al., 1975). The NRC has interpreted this event (NRC, 1982,
pp. 2-26 to 2-27) as a Richter magnitude 4.0 to reflect the relative
overestimation by the coda-length scale. On the basis of studies that suggest
that swarms preferentially occur in areas of irrigation (WPPSS, 1981,
pp. 2.5J-39 to 2.5J-49), the NRC adopted the distance to the nearest areas of
irrigation (3 km (1.9 mi)) as the minimum distance of the maximum swarm event
to the WNP-2 site.
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The max um magnitudes for the potentially seismogenic structures
identified above were estimated from empirical fault dimension-magnitude
relationships. This approach was adopted because no significant seismicity is
located on the structures. However, the applicability of relationships in
these cases is questionable (NRC, 1982, Appendix H) because they were
developed for larger events and fault surfaces than those of the Columbia
Plateau, and furthermore, they were developed for plate bou laries rather than
plate interiors. Nonetheless, the resultant maximum magnitude values were

- adopted by the NRC as conservative estimates.

1.4.1.4 Eag~+h~r=l~ jnduced phenomena within the
Canuiuare area that may affect site

The potential for geologic failures (e.g., sediment liquefaction and
lands1iding) to adversely affect a repository in basalt is low. Liquefaction
would be co ined 1 suprabasalt and int¢ )edded sedimentary units. This
would 1imit potential liquefaction to fine-grained, unconsolidated, saturated
sediments below the top of the unconfined aquifer, which is at an elevation of
145 m (475 ft) within the reference repository location. 1 : apparent absence
of soft-sediment deformation in the core samples available trom the inter-
bedded and suprabasalt sediments suggests that liquefaction has not occurred
in these units. The only observations suggesting that are even suggestive of
liquefaction are clastic dikes, which are 1ikely a result of cataclysmic
flooding dur' g the Pleistocene, but which may be related t seismicity in
some manner as well. The high confining pressure reduces t : probability of
Tiquefaction from occurring because of the high intergranular pressures;
however, if a saturated, granular, unconsolidated material existed,
liquefaction could occur with a vibratory load sufficient to overcome the
intergranular pressures. The basalt interbed sediments are saturated, but
were naturally deposited and probably have grain-to-grain contact if it is
granular material. These sediments have been in their present environment for
millions of years and, if there have ever been moderate or 1irge earthquakes,
some additional compaction has occurred, thus reducing the iquefaction
potential. ~ e lack of saturated surface material would preclude liquefaction
at or near the surface of the reference repository location during the
preclosure period.

No evidence of landslides exists at the reference repository location.
The closest areas where large landslides have occurred are the northern flank
of Rattlesnake Mountain, at a distance of approximately 5 km (3.1 mi); the
north flank of Yakima Ri je at approximately 6.5 km (4.0 mi); the north flank
of Umtanum Ridge at approximately 5 km (3.1 mi); and along the east bank of
the Columbia River at the White Bluffs, approximately 18 km (12 mi) northeast
of the site (see Fig. 1.1-8; Myers/Price et al., 1979, Plate 3-1).

Mass movement continues to be active today along the White Bluffs,
probably the result of saturation of bedding planes by irrigation-fed
groundwater. This causes increased pore pressure and reduced shear strength,
which leads to slope failure (Schuster and Hayes, 1984, p. 431).
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No evidence is available to correlate past or present landslide activity
with seismic activity. This may be a result of the low level of seismicity in
the candidate area and the significant erosion that occurred during
Pleistocene flooding, which destroyed many surface features.

1.4.1.5 Seismi~ hazard in the cand*-=%e -~-ea

This section is intended to describe estimates of recurrence intervals
for "maximum probable" or "maximum credible" earthquakes from seismogenic
sources within the candidate area, and to evaluate the effects of these

‘thq » on the site. The estimates and evaluations are to use both

.erm :ic and probabilist- apprt¢ :hes to assess geologic, tectonic, and
seismologic information. Much of the information used to make final estimates
of ground motion at the site from potential hazards will be evaluated during
site characterization. Plans to characterize the recurrence intervals of the
maximum earthquakes from potential earthquake sources and evaluate primary and
secondary effects are described in Subsection 8.3.1.2.4.3.2.

1.4.1.5.1 Recurrence relationships

Reliable recurrence calculations are available for events of coda-length
magnitude less than 4.5 in the Pasco Basin. Extrapolation of these
calculations to magnitudes greater than 4.5 for the Columbia Plateau is
probably not valid because the data suggest that earthquake processes may be
different at higher magnitudes (Rothe, 1978, Chapter VII).

Recurrence curves computed by the University of Washington Geophysics
Program (UWGP, 1979, pp. 26-27 and 37) for seismicity within the Columbia
Plateau yield b-values of 1.09 to 1.15 for shallow events, 0.80 for deep
events, and 0.88 for events near Lake Chelan, on the northwestern periphery of
the Columbia Plateau. The depths of the Lake Chelan events place them within
the basement rock corresponding to the adjacent North Cascade tectonic
province (e.g., NRC, 1982, p. 2-21).

Rothe (1978) determined best-fit b-values of 0.92 and 0.98 for the
1969-1970 and 1975 Wooded Island swarms. In detail, the recurrence curves of
these swarms display an apparent slope break at a coda-length magnitude of
approximately 1.5. The low-magnitude slopes were 0.68 and 0.76 for the
1969-1970 and 1975 swarms, respectively, while the high-magnitude slopes were
1.79 and 1.23, respectively (Rothe, 1978, pp. 117-119).

A recurrence study for small earthquakes in the central Columbia Plateau
yielded a b-value of 1.0 for shallow (0 to 3 km (0 to 1.8 mi)) events, 0.72
for deep events, and 0.85 for all events (WPPSS, 1981, pp. 2.5J-16 to -18 and
Fig. 2.5J-16 to -18).
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1.4.1.5.2 Effects of seismicity on underground
openings

A brief summary of the effects of earthquakes on underground openings in
general is presented to provide perspective on the problem of seismic hazards.

Repository subsurface facilities may respond to earthquake ground motion
differently than surface facilities. The potential for damage to surface and
underground equipment during construction and emplacement of wastes must be
considered during engineering design. Qualitative reports on the effects of
large earthquakes in mines indicate that 1ittle damage generally occurs,
except near portals or where the rupturing fault intersects or comes close to
the mine (Marine, 1981, p. 43-52). However, few analyses are avai  )Hle that
can be used to de instrate tunnel stability during earthquake grouna motions.
Both temporary and long-term changes in the flow rate of groundwater into
mines have been observed as effects of earthquakes. These changes were caused
by faulting, with permanent displacements in rock. The expected effects of
swarm earthquakes, including displacements at the reference repository
location, will be the subject of a major study for the BWIP. The specific
earthquake faulting parameter studies are described in detail in
Section 8.3.1.2.4.3.3.4.

Although specific techniques to analyze the stability of underground
openings in basalt have not yet been developed, earthquake data are being
gathered for use in addressing the problem. The BWIP program to further
characterize microseismicity, and to evaluate the potential effects of
microearthquakes on the stability of underground openings, is outlined in
Section 8.3.1.2.4.3.3.6.

1.4.2 SEISMOLOGY OF THE SITE

1.4.2.1 Seismicity of the site

1.4.2.1.1 Introduction

The reference repository location is located in an area of relatively low
seismicity with respect to the surrounding area in the central Columbia
Plateau. Earthquake activity around the reference repository location is
confined to the crust, which is 30 km (19 mi) thick, and is characterized
primarily by shallow swarms of microearthquakes that occur predominantly in
the basalts. Focal mechanisms for basalt and sub-basalt events indicate
north-south compression and reverse faulting along nearly east-west planes.
The seismicity of the reference repository location for the period 1969 to
1983, including both shallow and deep events, is shown in Figure 1.4-17 and

‘listed in Table 1.4-7.
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Instrumental recording of earthquakes located near the reference
repository location began in 1969 with the installation of the U.S. Geological
Survey six-station regional network in the central Columbia Plateau. Since
installation of the init® | Hanford Site regional network, all earthquakes
above magnitude 1.5 | re been consistently located within 2 km (1.2 mi)
epicentral accuracy. Hypocentral depths are accurate to 2 to 4 km (1.2 to
2.4 mi) (see Fig. 1.4-17). In mid-1982, accuracy for hypocenter locations was
increased to 1 to 2 km (0.6 to 1.2 mi) in the reference repository location.
Since the beginning of 1985, with the installation of the shallow-hole array,
hypocenter locations in t @ reference repository location are accurate to

-about 50 m (165 ft).

1.4.2.1.2 Reference repository location seismic
instrumentatio

Monitoring of tI reference repository lor “ion for the BWIP started in
1980 with the instaliatic of a permanent four-station basel i network and a
temporary six-station portable network (DOE, 1982, p. 3.7-65). The four-
station baseline network consists of three short-period vert :al stations.
The portable network is composed of three-component, short-period instruments.
Digital recording of sei¢« c events, which permited routine determination of
hypocenters, started in ¢ ‘ly 1982. This network improved location accuracy
to better than 1 km (0.6 ) and reduced the threshold for location of all
events near the reference repository location to less than magnitude 1.0,
compared to previous results from the existing regional network.

A seismic station was installed in borehole DC-3 at a depth of about
1,000 m (3,600 ft) in 196 and was operating during March, April, and May of
that year. Ri »rdings of microearthquakes (all less than coda-length
magnitude 1.0) were obtained, including recordings of numerous regional
earthquakes that occurred near Mount St. Helens. The local earthquakes
recorded by the deep borehole instrument were not detected by the surface
networks. In September 1985, a three-component accelerometer was permanently
installed at a depth of 1,000 m (3,600 ft) to record accelerations in the
range of 0.5 to 0.00005 g.

In the fall of 1984, a shallow borehole seismic network was installed at
the reference repository location to monitor the seismicity in even greater
detail. This network consists of eight seismometers that are installed in the
top of the basalt section at a depth of approximately 195 m (600 ft). The
combination of the baseline network, the deep borehole seismometer, and the
shallow borehole network is capable of locating all earthquakes above a
threshold magnitude of 0.0 to a precision of approximately +50 m (165 ft)
(Rohay et al., 1983, p. 17).
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1.4.2.1.3 Shallow seismicity

Two areas of shallow swarm activity, the Coyote Rapids and the Cold Creek
swarm areas, are located within 10 km (6.2 mi) of the reference repository
location (see inset figure of Table 1.4-3). The Coyote Rapids swarm area has
been the site of several swarms since 1969, when instrumental monitoring of
this area began. The seismicity studies conducted for the Washington Public
Power Supply System sites identified seven swarms in the Coyote Rapids area
during the period 1969 to 1980 (WPPSS, 1981, Table 2.5J-5). An additional
swarm occurred in 1983 subsequent to that study (UWGP, 1983).

A total of 91 events have occurred in the Coyote Rapids swarm area during
the period from 1969 to 1986 (Table 1.4-8), the bulk of which appear to
congr¢ te into two 5§ to 10 km (3 to mi), roughly ¢ :-west lineat at
either end of the west leg of the Columbia River horn (see Fig. 1.4-7). The
depth distribution of events in this area appears to be bimodal, with a sharp
falloff from the surface and a broad maximum between 4 to 7 km (2.5 to
4.3 mi). Approximately 70% of the events were located in the upper 4 km
(2.5 mi), and 98% (a1l but two events) in the upper 8 km (5 mi), although [1-
may be at depths shallower than 8 km (5 mi). The depths of these two deepest
events (numbers 2 and 13 in Table 1.4-8) are suspect because the seismographic
network at the time was sparse, and because the earlier of the pair was
located using an obsolete velocity model.

Most of the Coyote Rapids events (76 or approximately 85%) have
magnitudes (coda-length) of 1.5 or less. The two largest events in this area
occurred during swarms on October 25, 1971 (3.8 coda-length magnitude) and on
October 20, 1983 (3.4 coda-length magnitude).

A second area, referred to as the Cold Creek swarm area (see Table 1.4-3
and inset figure) is located 5 to 8 km (3 to 5 mi) south of the reference
repository location. Two periods of activity have occurred in this area:

July to November 1979 and August 1981. A total of 15 events occurred in this
area, all less than 5 km (3 mi) deep. The largest event had a 2.4 coda-length
magnitude.

1.4.2.1.4 Deep seismicity

Seismic activity beneath the basalt at the reference repository location
has been Timited to two periods of small events since 1969. The first period
was November 1969, when two events occurred below the central reference
repository location and two below the area just to the south (see Fig. 1.4-17
and Table 1.4-7; events numbered 1 to 4). One of the events south of the
reference repository location was located using a depth fixed at 3 km (1.9 mi)
near the base of the basalt, and the other had a large depth error and may
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Other potential earthquake sources include the Umtanum Ridge-Gable
Mountain structural trend and Yakima Ridge. For the southeast segment of
Gable Mountain, which passes as close as 5 km (3 mi) to the reference
repository location, the NRC (1982, pp. 2-27 to 2-29) estimated a maximum
surface-wave magnitude of 5.0 with an uncertainty of +0.5 magnitude units.
The predicted ground motions for a magnitude 5.5 earthqui : at 5 km (3 mi) are
less than those predicted for the magnitude 6.5 earthquake on Rattlesnake
Mountain at a distance of 10 km (6 mi). Since the duration of ground motion
would be less for the smaller earthquake, the larger earthquake appears to be
the most important potential earthquake source. Using the logic that the NRC
applie to licensing the Washington Public Power Supply System sites, a
surface-wave magnitude 5 3/4, floating tectonic province earthquake (NRC,
1982, pp. 2-32) is not considered to occur any nearer than the ostulated
Rattle: I” intain irthguake; the lat: - ould tt ‘ore have a greater
impact on the site.

A number of significant factors have not yet been considered in these
ground motion estimates. The attenuation relationships can be modified by the
type of faulting, the direction of fault propagation, and the seismic velocity
and thickness of surficial sediments. Furthermore, although the direct shear
wave from an earthquake generally produces the peak accelerations, the ground
motion of other phases may be comparable because of resonant amplification at
particular frequencies. Also, near-surface site effects, inciuding those of
the free surface and of impedance contrasts, can amplify ground motions by
more than a factor of two, the usual free-surface correction. The nominal
subsurface ground motion estimates in Section 6.3.7 and Table 6.1-5 include
only the free-surface correction.

Further analysis of site effects and ground motion in the subsurface is
required to facilitate more realistic ground motion estimates, including
evaluation of subsurface motion at locations away from the Exploratory Sha

1cility.

Earthquake swarms, estimated to have a maximum Richter magnitude of 4.0
by the C (1982), must be further evaluated for potential effects and
recurrence at the reference repository location. The reasons for earthquake
swarms to occur where they do are poorly understood. However, there is a
possible correlation between their occurrence (see Fig. 1.4-9) and
(1) thinning of basalt flows (see Fig. 1.3-41); (2) steepening of the dip of
the top of basement (see Fig. 1.3-37); (3) folding and associated faulting
(see Fig. 1.3-12); and (4) raising of the unconfined water table due to
irrigation (see Section 1.4.1.3). The »>tential for future swarm occurrences
in the vicinity of the reference repository location will be studied further
(see Sections 8.3.1.2.4.3.5 and 8.3.1.2.4.3.6).

The seismic risk assessment for the repository site will be quided by a
Woodward-Clyde Consultants report (WCC, 1985, pp. 4-1 to 4-29), which
recommends specific approaches to the assessment (see Section 8.3.1.2.4.3.3.6).
Their report makes a fundamental distinction between tectonic earthquakes,
which occur on specific geologic structures, and basalt earthquakes, which
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1.4.2.4 Potential for induced seismicity affe~*ing the site

The data base presently available for use as a baseline to identify
induced seismicity consists of instrumental locations of events magnitude 1.5
or larger from 1969 through 1980. In 1980, the BWIP installed a special four-
station array around the reference repository location that permitted the
location of all events coda-length magnitude 1.0 or larger in the reference
repository location. An eight-station shallow borehole array was installed in
1984 to locate all events in the reference repository location of coda-length
magnitude 0.0 or larger. Any seismic activity observed during or after
construction can be compared to this preconstruction baseline to help identify
possible induced seismicity.

©ex :ing 11 :rur tal data, it can be own that ischarge of
liquia waste 1n the ground and local mounding of the groundwater table in the
200 Areas of the Hanford Site are not correlated with increased seismicity.
Although some rock bursts are expected during the initial underground
construction of repository tunnels and shafts (see Section 2.7.1), there is no
reason to suspect that human activity during the preclosure period (i.e.,
approximately 100 yr) would induce seismicity. However, recordings of any
induced earthquakes will be monitored after initial construction studies
(Section 8.3.1.2.5.4.3.3.5).
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1.5 LONG-TERM REGIONAL STABILITY WITH RESPECT TO
TECTONIC AND GEOLOGIC PROCESSES

This section presents an assessment of geologic stability of the
candidate site that emphasizes the next 10,000 yr. It is based on the
information presented in the previous sections of this chapter with the
understanding that the data base is incomplete and, as such, is only a
preliminary assessment. The emphasis of this assessment is on the
uncertainties and constraints on the tectonic and geologic processes that have
occurred during the Tertiary and Quaternary and on those processes operating
today.

1.5.1 TECTONISM

The principal elements of the tectonic setting are described in
Section 1.3. This description focuses on the development of the features
observed in the region and in the vicinity of the candidate site and the
1ikelihood of their continued development or the development of new geologic
structures during the preclosure and postclosure periods of a repository.
This last aspect, the development of new geologic structures, can only be
speculated on at present.

The phrase "tectonic model" will be used to refer to conceptual represen-
tations of various aspects of the tectonic setting presented either in
narrative or graphic form. These models are essentially hypotheses that will
be continuously tested by new field observations. As confidence in a working
hypothesis or set of hypotheses grows, they can be used to deduce future
conditions with greater levels of confidence. The methods by which this will
be carried out are described in Section 8.3.1.2.4.3.3.

1.5.1.1 Tectonic setting

Numerous hypotheses have been pri osed to explain the structural
development of features in the Pacific Northwest and Columbia Plateau.
Regional models for the Pacific Northwest can be generalized into eight
different classes, while those for the Columbia Plateau can be grouped into
four classes (Duncan, 1983). The Pacific Northwest regional models are as
follows:

1. Accretion of allochthonous terranes.
2. Active subduction.
3. Subducted spreading center.

4. Back-arc regime.
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5. Mantle plun , ¢ ipir, or hot spot.

6. Shear between plates.
7. Mantle diapir and interplate shear.

8. Microplate rotations.
The: Columbia Plateau models are the following:

1. Decollem : between basalt and sub-basalt Tayers or within
sub. asalt layers.

2. Coupled basalt/sub-basalt layers with transcurrent displacement.
3. Coupled basalt/sub-basalt Tayers with horizonf-" contraction.
4. Coupled basalt,” . salt 1 s with tio | di¢ a it.

The following paragraphs summarize the literature that is available to
descrit the tectonic development of the Pacific Northwest, th special
emphasis on structural features in the basalts of the Columbia Plateau. For
further information refer to the original papers provided in Table 1.5-1.

1.5.1.1.1 Pacific Northwest and Columbia Plateau

At least forty different models have been proposed int 1literature as
interpretations for the ti tonic evolution of the Pacific Northwest. This
literature has been reviewed and summarized previously by Duncan (1983,
Table 7-1). The principal geographic regions and geologic features that are
referred to in the follow | discussion are shown in Figure 1.5-1, and an
updated version of Duncan review is presented in Table 1.5-1.

The guidelines that will be adopted to decide whether a ectonic model
that has been proposed in he literature is significant for a geologic
stability assessment (see Section 8.3.1.2.4.3.3) are given below:

e The model must address the Cenozoic, and in particular, the late
Tertiary and Quaternary.

e The characteristics of tectonic activity must have affected the site
or have a potential effect on the site, and there must be a
possibility of those characteristics continuing into the future.
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Table 1.5-1.
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Pacific orthwest regional tectonic mc :1sa (sheet 10 of 10)

Source

Area modeled; time

Geologic observations or
tectonic relationships

Rate of deformation

Tectonic pattern or
driving force

Current status and possible
impact on reference
repository location®

VIt Micrc

ite rotations (cont.)

Simpson and Cox
(1977)

Watkins and
3aksi (1974)

Pacific Northwest;
Eocene to present

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

Rotation of Oregon Coast
Range clockwise into align-
ment with present coastline
with either southern or
northern nivot. Northern
pivotreq sriftingand
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 indicate a clockwise
rotation of at least 15° of the
southern sections relative to
the northern sections.
Compression in central
Washington and Oregon is
required

50°to 75° of rotation
since Eocene; 28°since
Oligocene

Average rotation rate of
1%m.y.

| ating oceanic plates during
¢« Juction or back-arc
exiwension causes rotation of
Coast Range block

Not given

aModified from Duncan (1983), pp. 7-2 to 7-6; updated to 1985.
bComments apply to entire section, not to individual references within the section.
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Few models have specifically treated the tectonic development of the
Columbia Plateau. None completely explains the sequential development of the
(1) intermontane basin in which the Columbia River flood basalts lie and the

previous geologic record of the basin, (2) origin of the linear vent systems

through which the basalt was extruded, (3) petrogenesis of the basalts,

(4). deformation of the basalt sequence into asymmetrical folds, and

(5) relationship between basalt structures and structures beyond the margins
of the basalt flows.

The features within the Columbia Plateau that have been addressed in
previous modeling efforts include the Yakima folds and wrench (strike-slip)
faults in the western plateau, the Blue Mountain structures in the
southeastern plateau, and the comparatively minor deformation of the Palouse
Slope in the northeastern plateau (see Section 1.3.2.2.1). Also, several
studies have focused on the Olympic-Wallowa Tineament, a ma ir northwest-
trending topographic feature that extends from the Olympic mountains of
western Washington to the Wallowa Mountains of northeastern Oregon (see
Section 1.3.2.2.1.3). Tectonic models for the Yakima Fold :1t structural
subprovince have considered geologic features such as east-west-trending folds
and reverse faults, northwest-trending strike-slip faults, and the Cle Elum-
Wallula alignment or "disturbed zone."

The reference repository location is situated within t : eastern part of
the Yakima Fold Belt, where folds diminish in amplitude and merge with the
relatively undeformed Palouse structural subprovince. This transition zone is
also coincident with changes in trends of the Horse Heaven Hills and
Rattlesnake Hills. The probable location and rate of future tectonic
deformation, the extent of involvement of pre-basalt rocks, and the timing of
folding and faulting must be addressed in hypotheses that explain the tectonic
setting. A mode for the timing and kinematics of deformation will help form
the basis for predicting the stability of the reference repository location
during the next 10,000 yr.

Models that describe the tectonic development of the setting for the
candidate area during the late Cenozoic portray the region as being influenced
by the following:

Subduction of an oceanic plate.
e Accretion of microplates.
Construction of a volcanic arc.
e Rotation of the Coast Range and central Oregon blocks.
Extension in a back-arc environment.
e Production of voluminous flood basalts.
North-south crustal shortening.
Northwest-trending transcurrent faulting.

The early Tertiary extension of the back-arc region apparently has not
had a dominant effect on the Columbia Plateau in the the post-Miocene, as
evidenced by the lack of continued basaltic volcanism from linear vent systems
and the predominance of compressional structures in the basalt strata.
Rotation of - e coastal ranges may be continuing, but large-scale rotation of
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the Columbia Plateau is not apparent. The influence of the subducting Juan
de Fuca plate on tectonic activity in central Washington is not completely
understood; however, potential seismic activity associated with subduction is
likely to be less intense in central Washington than in western Oregon and
Washington (Heaton and Hartzell, 1987, pp. 162-168).

1.5.1.1.2 Pasco Basin

The Pasco Basin is the principal structural unit that contains the
candidate site (Section 1.3). An understanding of its relationship to the
larger crustal features in the region, and of the tectonic processes acting to
char @ that relationship, are important parts of the stability assessment.

The most detailed data collection and modeling work will focus on this
structural unit (see Sections 8.3.1.2.3 and 8.3.1.2.4).

1.5.1.1.2.1 Structural confiqur=*i~~ ~¢ the Pasco
Basin and surround

The structural configuration of the Pasco Basin is shown by an east-west
cross section and a north-south cross section in Figure 1.5-2. These sections
include the Columbia River Basalt Group, sub-basalt sedimentary strata, and
crystalline basement. They have been drawn from data derived from surface
mapping and geophysical surveys that are described in Section 1.3.2.2.2.

Several features are apparent in the east-west cross section. First is
the eastern plateau paleoslope (Palout Slope) and the increase in westward
tilt along the eastern margin of the Pasco Basin. A second, but less obvious
feature is associated with the Hog Ranch-Naneum Ridge anticline. This
structure cannot be resolved using existing geophysical data, and has bl 1
interpreted from surface exposures and the information given in Campbell
(1985). A third observation is the increase in thickness from east to west of
the suprabasalt sediments, Columbia River basa’ , and underlying units.

The data summarized in the east-west cross section in Figure 1.5-2 can be
interpreted to suggest that the Pasco Basin was a subsiding basin during the
emplacement of the Columbia River basalt (Reidel et al., 1981, 1983) and
probably prior to the Columbia River basalt volcanic episode; subsidence
probably continued to the present (Reidel, 1984, pp. 974-975), but the cause
of subsidence is unclear. Also, data are insufficient to determine if
subsidence occurs on basement faults or along simple flexures as suggested in
Figure 1.5-1. Also unclear is the relationship between the margin of the
basin and the Ice Harbor dike swarm and a series of low-amplitude, long-
wavelength folds (Swanson et al., 1980) that parallel the Ice Harbor dikes
farther east on the Palouse Slope. The basin margin and the Ice Harbor dike
swarm mark the eastern edge of the Yakima Fold Belt suggesting a possible
relationship between fold development and the edge of the basin. Reidel
(1984, pp. 974-975) suggests that this may be somehow related to decreased
sediment thickness to the east between the basalt and basement.
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Figure 1.5-2. Summary of current ideas
for structural models of the Pasco Basin.
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The style, rates, and mechanisms of deformation that have lead to the
formation of the Yakima folds are expected to continue during the next
10,000 yr in a manner similar to the way in which they have occurred since the
mid-Miocene (i.e., during at least the last 17 m.y.). Hov rer, large
uncertainties are associated with the rates of occurrence of various types of
deformation, significance of tectonic activity involving sub-basalt strata,
implications of tectonic breccia observed in some Pasco Basin boreholes, and
stress regime that causes microearthquake swarms in synclinal areas.

1.5.2 VOLCANISM

Tl volcanism that has affected the candidate area in the geologic past
is of two types: (1) continental flood basalt volcanism, which has produced
the Columbia Plateau; and (2) back-arc volcanism associated with the Cascade
Range. Several volcances in the High Cascades are presently considered to be
active, but activity associated with flood basalt volcanism has ceased.

A description of the volcanic activity that has occurred in the geologic
setting is presented in Section 1.3.2.1. The following discussion focuses on
the possibilities of renewed or continued volcanic activity and the type of
products that result.

1.5.2.1 Renewed flood basalt volcanicm

The flood basalt volcanism that produced the Columbia River Basalt Group
of rocks occurred between approximately 17 and 6 m.y.B.P., with the bulk of
the lavas being extruded during the first 2 to 1/2 m.y. of the episode (see
Sections 1.2.1.2 and 1.3.2.1.1, Table 1.3-1). Volcanic activity has not
recurred during the last 6 m.y. to suggest a continuation of the tectonic
processes that created the episode, nor a renewal of flood volcanism.

Most evidence suggests that the Pasco Basin has experienced north-south
crustal shortening during at least the late Tertiary and presently exists in a
dominantly compressive stress regime that has its principal axis oriented
north-south (see Sections 1.3.2.3 and 1.4.1.2.3). While this stress regime
permits extension in an east-west direction, which is consistent with the
opening of linear vent systems that are oriented north-south, the mechanisms
for producing great volumes of magma at crust-mantle boundary depths are
thought to have ceased operating (see Section 1.3.2.5.2.1).

1.5.2.2 Cascade Range volcanic activity

Volcanism of the Cascade Range is divided into two episodes. The older
period occurred between approximately 38 and 5 m.y.B.P., and involved the
western part of the Cascade Range. Since 5 m.y.B.P. to the present, volcanic
activity has been confined to the High Cascades, which are represented by
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young composite volcanoes (Section 1.3.2.1; Table 1.3-1; Fig. 1.3-6).
Volcanic activity in the western Cascade Range has ceased ar is not
considered further in the geologic stability assessment.

Stratovoicanoes of the High Cascade Range have been active during the
Quaternary and most have been active during the Holocene. Lassen Peak, Mount
Shasta, Mount Rainier, Mount Hood, Mount Baker, and Mount St. Helens have been
active during historic time (Shipley and Sarna-Wojcicki, 1983; Crandell and
Mullineaux, 1978; Mullineaux and Crandell, 1981). The primary products of
eruption from these vents have been ash and lava flows and various forms of
pyroclastic eiecta. Mudslides, landslides, and debris flows are also commonly
associated wi- these eruptions.

The proportion and composition of lava, ejecta, and gases varies with
each source and each eruption. High Cascade Range stratovolcanoes erupt lavas
of calc-alkaline affinity. Mafic sources (e.g., the Indian Heaven Fissure
Zone) are also oresent in the Cascade Ralr : and have erupted basaltic lavas
during the Qui¢ ‘:rnary and Holoce

The hazard posed by any particular Cascade volcano to the candidate site
is dependent on the probability of renewed eruptive activity. Shipley and
Sarna-Wojcicki (1983) have estimated an annual probability of 10-4 to 10-° for
eruption of some Cascade Range volcanoes based on the frequency of occurrence
of various ejecta during a given interval of geologic time. Some of the
volcanoes, such as Moi t St. Helens, are known to erupt more frequently than
this, .and the strat jraphic record may not provide complete formation on the
frequency of eruptions, but rather only reflect the relatively large eruptive
episodes.

1.5.2.3 Status of vo'~==ic stability assessment

The only volcanic activity that could potentially affect the site
directly during the next 10,000 yr is recurrent volcanism in the High Cascades
(see Sections 1.1.3.2 and 1.3.2.1). Neither renewed flood volcanism nor
eruptive activity in the Western Cascades is 1ikely to recur. The most Tikely
product of volcanism to reach the site is airfall tephra, and its greatest
impact would be on surface facilities. Other types of activity associated
with Cascades eruptions may affect the site indirectly--mostly through changes
to the geomorphic processes acting on the site (see Section 1.5.3).

A preliminary assessment of the effects of volcanism on the reference
repository location was made just prior to the 1980 eruption of Mount
St. Helens (Johnpeer et al., 1981). This study was done in addition to the
volcanic hazards study by the Washington Public Power Supply System (WPPSS,
1981) for the WNP-2 at the Hanford Site and by Pacific Gas and Electric for
the Pebble Springs nuclear powerplant site (Shannon and Wilson, 1978). The
assessment was based on limited data, and the conclusions are to be reassessed
using new data obtained during studies of the Mount St. Helens' eruption (see
Section 8.3.1.2.4.3.3). Reliable conclusions are not yet available from
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repository. Thus, it is essentié to characterize the potential for faulting
as to prec :t, to :tent possible, the probability of fai ¢

displact it as we | as the - .ion, geometry, extent, and timing of any

postula‘ fault movement.

S ilarly, it is essential to assess the probability, frequency,
location, and timing of volcanism relative to a waste repository after its
clo: *e. Renewal of Columbia River basalt ' Icanism is not anticipated from

the geologic record. Possible effects of distant Cascade Range volcani 1at
can be antici| :.ed during the postclosure 10,000 yr on r( »>sitory perfo ce
also need to be assesse (see Section 8.3.1.2.4.3.3.2).
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1.6 DRILLING AND MINING

In this section, the location and characteristics of drill holes and
excavations at or near the site are tabulated. Information on location,
depth, diameter, drilling method, casing, and condition is provided for about
200 boreholes that penetrate through the first basalt flow. Information
references are given for approximately 2,000 additional shallower boreholes
used for groundwater and waste management monitoring. The effects of the
boreholes on principal hydrogeologic units is evaluated in Chapter 3.

1.6.1 DRILLING

Information contained in this section is based on examination of
available borehole records. Borehole records used were driller's logs,
borehole drilling histories, and test records on file with the Washington
State Department of Ecology, U.S. Geological Survey, U.S. Bureau of
Reclamation, U.S. Army Corps of Engineers, Pacific Northwest Laboratory, and
Westinghouse Hanford Company. The records also include geophysical logs on
file with the Washington State Department of Ecology, Westinghouse Hanford
Company, and Washington State University, and survey records on file with
Kaiser Engineers Hanford.

Publications that document the approximately 2,200 boreholes drilled on
the Hanford Site and adjacent areas include Jenkins (1922), Walters and
Grolier (1960), Newcomb et al. (1972), Summers and Schwab (1977, 1978),
Summers and Weber (1978a, 1978b), Summers et al. (1978), Fecht and Lillie
(1982), and McGhan et al. (1985). Data from these sources and from informa-
tion presented in Moak (1981, Table A-2), Bjornstad (1984), Landon (1983,
1985), Ledgerwood (1986), and Crowley and Ledgerwood (1987) were used to
construct a summary chart that shows the stratigraphic levels penetrated by
?oreho]es within the Hanford Site boundaries and immediate vicinity

Fig. 1.6-1).

Detailed information from those boreholes that penetrate through the
first basalt flow, or have provided hydrologic or stratigraphic data used by
the BWIP, is contained in Crowley and Ledgerwood (1987) and summarized in
Table 1.6-1 and Figure 1.6-2. McGhan et al. (1985) provides detailed
location, size, and status information for the 200 Area and Hanford Site
monitoring and waste management boreholes. Cross and Fairchild (1985) and
Landon (1983) provide tabulated thickness, correlation, and intraflow
structure data for deep boreholes, along with graphic stratigraphic
interpretations, within and adjacent to the Hanford Site. Figure 1.6-3 is an
example of a data display for borehole RRL-2 showing flow correlations,
summarized 1ithology, examples of geophysical 1ogs, and whole-rock geochemical
data (Cross a1 Fairchild, 1985, sheet 10).
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200 West Separations Areas of the Hanford Site (McGhan et al., 1985).

Included are 29 boreholes drilled for the purpose of characterization and
surveillance of confined aquifers in the Saddle Mountains Basalt. Fifteen of
these are core holes (prefaced by DB in Fig. 1.6-2) that average approximately
300 m (1,000 ft) in depth and generally penetrate into or through the Mabton
interbed that separates the Saddle Mountains and Wanapum Basalts (Moak, 1981,
pp. A-7 through A-9; Crowley and Ledgerwood, 1987); another series of 14
boreholes is discussed in Graham et al. (1984).

1.6.1.1.4 Nuclear powerplant siting

Two series of boreholt wer dril to support the iting and
construction of nuclear powerplants at the Hanford Site. These boreholes
include about 100 core and rotary boreholes drilled since 1968 by the
Washington Public Power Supply System (WPPSS, 1981) and an additional
175 boreholes drilled by Northwest Energy Services Company (PSPL, 1982). Of
these boreholes, only 42 penetrate into or through the uppermost confined
aquifer (i.e., the Rattlesnake Ridge interbed).

1.6.1.1.5 Repository feasibility and siting

The first boreholes drilled as part of assessing the feasibility of a
nuclear waste repository in basalt were drilled between 1969 and 1973. ata
from five core holes (DDH-1, DDH-3, DH-2, DH-4, and DH-5) and one rotary
borehc » (ARH DC-1) (Fig. 1.6-2 and 1.6-4) were used to establish a
stratigraphic framework for the basalt underlying the Hanford Site and to
identify potential repository host-rock horizons (Isaacson, 1968, pp. 1-5;
Myers, 1973, pp. 96-115; Myers and Brown, 1973; ARHCO, 1976). Two core holes,
DC-10 and DC-11, were drilled during siting of the Near-Surface Test Facility.

Between 1977 and 1982, additional boreholes (ranging from 550- to 1,525-m
(1,800- to 5,000-ft) deep) were drilled within the Hanford Site to further
evaluate geohydrologic properties of potential repository host rock and to
support site identification. Eight core holes (DC-2, DC-4, DC-6, DC-8, DC-12,
DC-14, DC-15, and DC-16A (see Fig. 1.6-2 and 1.6-4)) and two rotary boreholes
(DC-5 and DC-7) were drilled to depths below the Umtanum flow, which was at
that time the deepest horizon being considered for a repository (Long and
WCC, 1984). Rotary borehole DC-7 was later deepened 275 m (900 ft) by
continuous coring into lower Grande Ronde Basalt. Two rotary boreholes (DC-3
and DC-16C) (see Fig. 1.6-2 and 1.6-4) were also drilled to penetrate into the
Umtanum flow; continuous coring was later used to advance these boreholes to
depths below tI Umtanum flow. One existing water-supply borehole, the McGee
v |1, was also deepened through the Umtanum flow by continuous coring. Core
hole DC-18 is being drilled at a location between Gable Mountain and Gable
Butte (see Fig. 1.6-2) © a planned depth of approximately 1,070 m (3,500 ft)
for tectg?ic and hydrochemical investigations (see Sections 8.3.1.2.5 and
8.3.1.4.1).
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With only four exceptions, all of the boreholes at the Hanford Site that
penetrate the top of the Saddle Mountains Basalt have been vertical boreho
(see Fig. 1.6-1). The exceptions are two slant core holes (DC-2-Al and
DC-2-A2) that were drilled from borehole DC-2 through the Umtanum flow at
angles of approximately 25° from vertical; a shallow borehole (DC-10)
approximately 140-m (450-ft) deep, drilled at an angle of approximately 27° on
Gable Mountain; and one side-tracked core hole (DC-16C-Al), drilled at a
slight angle from the vertical (less than a 5° deviation) to extend borehole
DC-16C to a depth below the Umtanum flow. Of the repository feasibility and
siting boreholes drilled to date, two boreholes (DC-2 and DC-2-Al) are no
langer accessible because they were partially backfilled with cement grout to
a low slant-hole drilling.

Twet r DH-ser:  core holes * Fig. 1.6-2 and =~ ~ .4) 1 drilled
primarily to develop the subsurface stratigraphy of tne Kingoid rormation. The
results of analyses of samples from this suprabasalt sedimentary sequence are
discussed in Tallman et al. (1981) and Bjornstad (1984) and are summarized in
Section 1.2.2.2. Two additional DH-series core holes (DH-27 and DH-28) were
drilled into the top of basalt to assess tectonic deformation across the
Yakima Barricade geophysical anomaly (see Section 1.3.2.2.1). At ledst six
additional DH boreholes (DH-30 through DH-35; see Fig. 1.6-4) are planned to
further define tectonic features within the reference repository location
(Section 8.3.1.2.5).

1.6.1.1.6 Injection

No known boreholes into basalt within the Hanford Site were used for
waste injection, aquifer recharge, or gas reservoir stimulation. Some wells
above the vadose zone have been used for defense waste management at the
Hanford Site (ERDA, 1975, pp. II-1-C-12 and C-16).

1.6.1.2 R~»eholes within or near the reference
renejrany Tocation

Approximately 41 boreholes that penetrate basalt have been drilled within
or adjacent to the reference repository location (see Fig. 1.6-4). A number
of boreholes drilled since 1982 are specifically for hydrologic testing and
installation of piezometers or pumps, as part of geohydrologic investigations
of the site (DC-168, DC-16C, DC-19A, DC-19C, DC-19D, DC-20A, DC-20B, DC-20C,
0C-200, 0C-22A, DC-22B, DC-22C, and DC-220). Also shown in Figure 1.6-4 are
the locations of most of the DH-series core holes drilied to near the top of
basalt to characterize the suprabasalt stratigraphy (Bjornstad, 1984).
Detailed maps of the nearly 200 shallow-surveillance boreholes located in the
200 West Area are presented in McGhan et al. (1985) and Tallman et al. ( 79,
Plate 2); therefore, the locations of these boreholes are not included in
Figure 1.6-4. Other boreholes not included on Figure 1.6-4 are 18 pre-BWIP
groundwater-monitoring boreholes within the area that is now the reference
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repository location. These boreholes were drilled to or above the top of
basalt. Driller's logs and locations of these borings are presented in Fecht
and Lillie (1982).

Only 17 boreholes in the reference repository location extend below the
top of basalt and penetrate the upper confined aquifer system (Rattlesnake
Ridge interbed) witl 1 the Saddle Mountains Basalt. A1l other boreholes in
the reference repository location end within the suprabasalt sediments or
within the uppermost basalt flow.

Eight boreholes within the reference repository location boreholes
(RRL-3, RRL-4, RRL-5, RRL-7, RRL-8, RRL-9, RRL-10, and RRL- 5) were designed
and constructed solely to obtain geologic data and (or) provide access holes
for the installation of a shallow seismic array (see Section 1.4). A1l of
these boreholes penetrate the uppermost Saddle Mountains 1isalt; boreholes
RRL-3, RRL-4, and RRL-5 bottom within the Saddle Mountains Basalt. Other
RRL-series boreholes include boreholes RRL-2, RRL-6, and RRL-14, which were
drilled throt 1 t| Ums 1 f1¢ . boreho ; Rl 17, which s drilled through
the Cohassett rlow; and porehoies RRL-11, RRL-12, and RRL-13 (borehole RRL-13
was subsequently deepened as borehole DC-19a), whic end within the
suprabasalt sedit its. Borehole RRL-2, termed the "principal borehole" was
used as the design hole for the exploratory shaft. A starter hole for the
exploratory shaft, located approximately 100 m (330 ft) southwest of borehole
RRL-2 (see Fig. 1.6-3) was drilled through sediments to a depth of
approximately 30 m (100 ft).

Locations of the six series of existing and planned piezometric
monitoring ar 1large-scale test holes RRL-2B and RRL-2C were 1own in
Figure 1.6-4. The piezometric monitoring network boreholes were drilled or
are planned at borehole sites DC-19 (DC-19A, DC-19B, and DC-19C), DC-20
(DC-20A, DC-20B, DC-20C, and DC-20D), DC-22 (DC-22A, DC-22B, DC-22C, and
DC-22D), DC-23 (DC-23W and DC-23GR), DC-24 (DC-24CX), and DC-25 (DC-25CX).
Boreholes DC-19C, C-20C, DC-22C, and DC-23GR penetrate into or through the
Umtanum flow. Borehole DC-23W ends in the first Grande Ron : Basalt flow;
boreholes DC-24CX and DC-25CX are planned but not yet drilled.

1.6.2 MINING

The only subsurface excavations within the vicinity of the. reference
repository location are the Near-Surface Test Facility and the 213 Storage
Tunnel both located on Gable Mountain. A discussion of the Near-Surface Test
Facility is contained in Chapter 2 (see Section 2.0.2 and Fig. 2.0-1). The
213 Storage Tunnel was a storage facility excavated in sediments on the sou
side of Gable Mountain. The facility has been decontaminated and decom-
missioned (ERDA, 1975, p. II.1-26). Several guarries exist in surface
exposures of basalt and gravel; some are still actively used (Section 1.7.1).
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1.6.3 CURRENT STATUS OF DRILLING" AND MINING

No subsurface penetrations, other than boreholes. the Near-Surface Test
Facility, and the 213 Storage Tunnel exist within 10 m (6 mi) of the
reference repository location or within the controlled area study zone. The
locations and status of boreholes within the Hanford Site reference repository
location are well documented. Locations and status of water-supply wells
outside the Hanford Site and within the Pasco Basin are generally known or
traceable through drilling records, although not all such wells may have
available records. None of the known offsite water-supply wells within the
Pasco Basin penetrate to depths of the Cohassett flow.

Certain records used as references, such as drillers' logs from as long
as 60 yr ago, are of indetermina: quality but are used as they are the only
records available. No attempt has been made to establish or evaluate the
validity of those records beyond that contained in individual cited
references.

A11 boreholes within the reference repository location and the controlled
area study zone that penetrate the Grande Ronde Basalt and the Cohassett flow

- contain grouted-in piezometers or removable bridge plugs to prevent aquifer

interconnection or crossflow (Swanson and Leventhal, 1984; Jackson

et al., 1984). No boreholes within the reference repository location or the
controlled area study zone that penetrate the basalts were abandoned or
plugged back to the surface. Outside the reference repository location,
aquifer interconnection and potential crossflow may be possible in two deep
boreholes (RSH-1 and WW-6) in the Grande Ronde Basalt and is discussed in
Chapter 3.
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1.7 MINERAL AND HYDROCARBON RESQURCES

This section describes the known and potential mineral, hydrocarbon, and
geothermal resources of the site and region. Information on these natural
resources will be used to determine the potential for future exploration and
development activities that could affect waste containment and isolation at
the reference repository site. A description of the possibility for future
development of resources is part of the site-selection process required by
10 CFR 960.4-2-8 (DOE, 1987b). Predicting future development will be done
during site characterization (Section 8.3.1.6). For the following discussion,
resources are defined as naturally occurring materials (1) for which economic
extraction is pof itially feasible dur g the foreseeable future or (2) that
have greater than average value for other analog areas of similar size that
are representative of the same geologic setting.

Background information

Resource exploration and evaluation has not occurred on the Hanford Site
since the early 1940's, when the site was closed to all resource exploration.
During the 1930's, a small gas field was developed on the north flank of
Rattlesnake Mountain (southwest boundary area of the Hanford Site). The field
was abandoned during the early 1940's. Otherwise, the only mineral production
on the Hanford Site consisted of crushed rock products from basalt quarries
and products from sand and gravel deposits.

Mineral deposits known to occur within the Columbia Plateau consist of
low-unit-value minerals and rock products (e.g., diatomite, pumice sand and
gravel, and quarry stone). Low-grade placer deposits of gold (Blalock Island
on the Columbia River) are the only known mineral deposits that have poti :ial
for high unit value. The discovery of high-grade gold deposits near Wenatcl 2
(approximately 81 km (50 mi) northwest of the Hanford Site) in 1984 by Asmera
Inc., and Breakwater Resources Ltd., will not impact Columbia Plateau mineral
resources because the deposits are localized in prebasalt siliceous
intrusives. Subbituminous coal deposits were mined in the Roslyn Formation
near Cle Elum and Rosyln (approximately 97 km (60 mi) northeast of the Hanford
Site) during the 1930's and 1940's and were abandoned by the late 1940's. The
presence of potential commercial grade coal in prebasalt beds of the Roslyn
Formation, thin coal beds in the Swauk Formation, and low-grade coal in the
Chumstick Formation will not impact the repository as a potential resource
because. if present, they would underlie the Columbia River Basalt Group at
great pth. No commercial coal production has been reported in the Columbia
Basin. Present information from wells and borings that have penetrated the
Ellensburg suprabasalt section and basalt interbeds indicates that (1) the
beds are too thin or impure or the (2) coal rank is too low to be considered
for potential development. However, the presence of coal beds and organic
matter in the sub-basalt sediments indicates a potential for generation of
hydrocarbons deep in the Columbia Basin.

During the late 1920's and 1930's exploration for oil and gas occurred

throughout the Columbia Basin. The Rattlesnake Gas Field on the southwest
border of the Hanford Site, now abandoned, was discovered during this period
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(Section 1.7.1.2). Renewed interest in exploration for 0il and gas in the
Columbia Plateau began in the 1950's when : reral major oil companies
conducted geologic and geophysical surveys. These activities resulted in the
leasing of several hundred thousand acres of Federal land and the drilling of
two deep exploratory wells:

1. The Standard 0il1 Company Rattlesnake Hills No. 1 in Benton County,
Washington--total depth of 3,247 m (10,655 ft).

2. The Kirkpatrick No. 1 in Morrow County, Oregon--total depth of
2,660 m (8,726 ft).

The cost of drilling deep exploration wells in the Columbia Basin for
sub-basalt objectives made exploration uneconom1ca1 at thg late 1950's prices
of $2.00/barrel for crude oil and $0.10/28.3 m3 (1,000 ft3) for natural gas.
From 1980 to the present, Shell Qil Company has drilled foi deep exploration
wells in tlI Yakima Fold Belt. These wells have logged significant, but
noncommercial. gas shows. The activity set off a major leasing program for
major oil c¢ ianies and independents. More than 4,047,000 ha (10 million
acres) of lands in the Columbia Basin were leased during this period. Results
of the Shell 0i1 Company exploration wells are discussed in Section 1.7.2.2.

An evaluation was made by Geosciences Group and George Leaming Associates
(GG/GLA, 1981) on the occurrence and production value of known mineral
resources for the region within a 100 km (62 mi) radius of the Hanford Site
for data available prior to 1981. Information on mineral resources is
presented in Section 1.7.1.

The geothermal resource potential of the Columbia Basin is described by
Bloomquist (1985). The potential of the Pasco Basin is described by Murphy
and Johnpeer (1981; Section 1.3.2.6.2.4). Information on geothermal resources
of the Pasco Basin is summarized in Section 1.7.3.

Surface water and groundwater resources of the Pasco Basin and vicinity
are discussed in Chapter 3, Sections 3.3, 3.8, and 3.9.7. MWater is used
primarily for irrigation and industry, with a small percentage devoted to
municipal and domestic purposes. Surface water currently supplies over 90% of
the total water demand in the Pasco Basin. Groundwater wi' drawals are
significant in some areas (e.g., upper Cold Creek Valley). Demand for both
surface water and groundwater is likely to increase in the future, and the
projected magnitude of this increase must be evaluated as part of the site
characterization. Plans to evaluate the water resource studies are described
in Section 8.3.1.6.
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1.7.1 MINERAL RESOURCES

1.7.1.1 Ev{p‘-{rﬂ \p_e_snnnﬂhn nun]uation

The resource evaluation of known mineral occurrences conducted by GG/GLA
(1981) for the Hanford Site contained a compilation of current and past
resource production data and a projection of these data to the year 2009. The
area within 100 km (62 mi) of the repository site was chosen to provide a more
representative basis for evaluation than could be provided by considering only
the Hanford Site. These data are shown in Figure 1.7-1. The remainder of the
Columbia Basin was studied more generally. For the economic evaluation, a
25-yr projection was considered to be the maximum for ieeable forecast period.

The GG/GLA (1981) used data from other areas in the Columbia Basin for
production estimates that could be reasonably expected from potential but as
yet undiscovered resources in the immediate vicinity of the repository site.
Economic evaluation was confined to resources known to exist, or whose
occurrence is geologically feasible, in potentially commercial quantities.
These commo ties are clay, diatomaceous earth, gold, peat, perlite, pumice,
saline compounds, and sand and gravel.

No attempt was made to compare the mineral resources of the repository
site with other areas of similar size and geology within the Columbia Plateau.
Plans to address these analog comparisons will be presented in
Section 8.3.1.6.

. Assessment of occurrence and development potential of uranium mineraliza-
tion within the Pasco Basin and vicinity by GG/GLA (1981) focused on the
interbeds of the Ellensburg Formation and the sedimentary sequence beneath the
basalts. The report indicates that by analogy, the potential for sub-basalt
uranium mineralization is probably not substantial. In addition, development
potential to depths of greater than 3,000 m (9,800 ft) for potential
occurrences beneath the basalts would not be considered. The basalt interbeds
of the Ellensburg Formation may have a small potential for uranium
mineralization within the Pasco Basin and vicinity (Milne, 1979; GG/GLA,
1981).

Results of the National Uranium Resource Evaluation Program for the
Ritzville Quadrangle of Washington (Fleshman and Dodd, 1982, pp. 51-58)
indicate that tl suprabasalt Ringold Formation is considered unfavorable as a
uranium resource. The Columbia River Basalts are considered deficient in
uranium and are a poor source, as well as a poor host, for uranium deposits.
Additional information about the basalt interbeds is required before an area
can be designated favorable or the environment dismissed as being unfavorable.

The GG/GLA (1981) report, based on the absence of significant known
occurrences of base and precious metals from Columbia River basalts and
interbeds, indicates mineralization occurrence and development potential
within a 100-km (62 mi) radius of the Hanford Site is negligible. Although
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mineralization occurrence potential in lithologies beneath the basalt is not
known, the potential for development of possible mineralization in the sub-
basalt section is judged to be negligible because of the considerable depth of
the basalt. -

1.7.1.2 Resources in the vicinity of the site

Mineral resources known to exist within 100 km (62 mi) of the repository
site are summarized in Table 1.7- . Current mining activity within this area
is limited to surface extraction of diatomaceous earth, sand and gravel, and
stone. Other relatively low unit value minerals, including peat, pumicite,
and quarry rock, also occur within 100 km (62 mi) of the repository site.
These are surficial deposits and are not concentrated within the Pasco Basin
relative to the remainder of the Columbia Basin. With the exception of small,
Tow-grade, gold placers along the Columbia River (at Blalock Island, located
68 km (42 mi) south of the candidate site), no high unit value mineral
resources are known to occur within 100 km (62 mi) of the repository site.

1.7.1.3 Impact of a waste renncitor- ~=~ =~tential
resource production

The GG/GLA (1981) report determined that current mining activity, or
activity that can be reasonably expected during the next 25 yr, within 100 km
(62 mi) of the repository site location would not be affected by a nuclear
waste repository located at the proposed depth of approximately 1,000 m
(3,000 ft). To date, the geologic setting of the repository site has not been
attractive for subsurface mineral exploration and development. However,
because the value of a resource can fluctuate, a reevaluation of these
potential mineral resources is planned (Section 8.3.1.6.3.3.1).

1.7.2 HYDROCARBON RESOURCES

This section summarizes the results of hydrocarbon exploration within the
Columbia Basin. Columbia Basin, as used here, refers to the thick sequence of
Miocene basalt flows and interbeds whose center is near the community of
Prosser, Washington. Geophysical data indicate a basalt section of over 5 km
(3 mi) in thickness and a possible 7 km (4 mi) sediment section beneath the
basalt near Yakima, Washington (Section 1.3, Fig. 1.3-41 and 1.3-42).

Although commercial production has not been established, the results of recent
deep exploration wells drilled by the Shell 0il Company indicate possible
commercial hydrocarbon potential within and beneath the Columbia River Basalt
Group. Exploratory interest is currently focused on the large basalt
anticlinal ridges with the sub-basalt sedimentary section as the primary
reservoir objective. Basalt structures in areas of more subdued topography to
the east of the Hanford Site are also being explored.
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not sufficient to determine whether the gas field was developed to its maximum
potential. Proposed geologic studies to evaluate the Rattlesnake Gas Field
are described in Section 8.3.1.6.

A number of shallow to moderate depth hydrocarbon exploration wells have
been drilled in the Columbia Basin (see Fig. 1.7-2 and Table 1.7-2). In 1929,
Miocene Petroleum Company's Union Gap well was drilled to a depth of 1,192 m
(3,910 ft) and bottomed in basalt. The well encountered gas and tarry oil
shows in the basalt section (McFarland, 1983). In 1934, Donny Boy No. 1,
located near the east end of Frenchman Hills, had small shows of 0il and gas
(McFarland, 1983).

In 1957, Standard 0il1 Company of California drilled the Rattlesnake Hills
Well No. 1 to a total depth of 3,247 m (10,655 ft) with no shows reported
(McFarland, 1983). The well bottomed in lower Grande Ronde Basalt
(Reidel et al., 1981, p. 1). Battelle (Raymond and Tillson, 1968) reopened
the well in 1968 to conduct detailed logging, testing, and sampling of the
basalt section for evaluation of radioactive waste storage.

Wireline logs run in Rattlesnake Hills Well No. 1 (RSH-1) included the
dual induction laterolog, self potential, caliper, temperature, borehole
compensated sonic, compensated formation density, sidewall neutron porosity,
and variable density sonic waveform. Crossplot analysis of borehole
compensated sonic, compensated formation density, and sidewall neutron
porosity log 1ta indicated a scattered relationship, not ei irely related to
borehole conditions, between porosities derived from these logging
measurements. Offsets in the sidewall neutron porosity derived porosities
observed in the borehole compensated sonic/sidewall neutron porosity and
compensated formation density/sidewall neutron porosity crossplots indicate an
incorrect matrix selection (1imestone) used in calculating the sidewall
neutron porosity. Raymond and Tillson (1968) concluded that orosity values
from at least two logs should be in good agreement for quantitative analysis.
It should be noted that these porosity analyses were not tied to porosity
measurements on core obtained in RSH-1. In 1957, 1.7 m (5.5 ft) of core was
recovered from the depth interval 2,464 to 2,469 m (8,084 to 8,100 ft).
Descriptions of thin sections taken from this core are presented in Raymond
and Tillson (1968).

Seven drill stem tests were run in separate zones between 580 and 2,560 m
(1,900 and 8,400 ft) to determine the formation fluid hydrostatic pressures,
measure formation permeability, and sample formation fluid. Permeabilities
determined from drill stem test data ranged from 0.03 to 19.5 millidarcies,
with only three zones exhibiting permeabilities greater than 1.0 millidarcies.
Drill stem tests run in the intervals 979 to 1,002 m (3,213 to 3,289 ft) and
1,473 to 1,496 m (4,832 to 4,908 ft) flowed gas while the drill stem test tool
was open, but no low rates or pressures were measured. Formation fluid
obtained from the interval 1,804 to 1,828 m (5,921 to 5,997 ft) was analyzed
and contained methane, but test data were not included in this report.

Porosity and permeability estimates may be made for the two intervals
that showed gas using wireline log and drill stem test data. However, it is
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not possible to estimate the volume of recoverable gas from these zones as the
drill stem tests in these intervals did not measure flow rate or pressure of
the gas produced during the test. Thus, data obtained in RSH-1 to date is not
adequate to provide estimates of the volume of gas resources within this well.
Further studies of the hydrocarbon potential of the basalt section will be
conducted in site characterization plan investigations as described in

Chapter 8.3.1.6 and the mineral, hydrocarbon, and geothermal resource study
plan.

The Basalt Explorer No. 1, located north of the Hanford Site near Odessa,
Washington, was drilled in 1960 to a total depth of approximately 1,425 m
(4,680 ft). The well was a dry hole and reportedly (McFarland, 1983)
penetrated approximately 61 m (200 ft) of continental sediments beneath the
basalt and bottomed in granite.

A number of other hydrocarbon wells were drilled to depths ranging from
305 m (1,000 ft) to 915 m (3,000 ft). Several of the reported boreholes
encountered shows of gas (McFarland, 1983; Fig. 1.7-2 and Table 1.7-2).

In the Oregon part of the Columbia Basin, the deepest well drilled was
the Standard 0i1 Company of California Kirkpatrick No. 1 with a total depth of
2,660 m (8,726 ft). The borehole penetrated the Grande Ronde Basalt early
Tertiary volcaniclastic sediments and bottomed in Cretaceous marine strata
(Fox and Reidel, 1987). No significant gas or oil shows were reported. Other
hydrocarbon wells have been drilled to depths of less than 305 m (1,000 ft),
and no significant gas or oil shows were reported (see Fig. 1.7-2 and
Table 1.7-2).

Based on the stratigraphic and structural occurrence of the gas produced
from the Rattlesnake Gas Field, it is probable that other similar geologic
conditions are present in the Columbia Plateau. Natural gas and possibly oil
could be present in Columbia Plateau basalt flows in anticlinal and other
structural traps containing permeable basalt reservoirs, sealing conditions,
and migration paths for hydrocarbons sources from the sub-basalt sediments.
Fold axes in the Pasco Basin are shown in Figure 1.7-3. The plans for
as' ;sing the hydrocarbon resource potential of the Columbia River Bas: L
Group d sub-basalt section are discussed in Section 8.3.1.6.3.3.1.2.

1.7.2.2 Hydre~=-hon _exploration in sub-basalt rocks

Since 1980, Shell Qi1 Company has drilled four deep exploration wells to
the north and northwest of the Hanford Site. The wells penetrated the entire
basalt section and partial sections of sub-basalt sediments and recovered

- natural gas in noncommercial quantities. Exploration is currently being

conducted by five major oil companies in the Columbia Basin. Stratigraphic
units penetrated by the Shell wells, according to Campbell (1987), can be
correlated with sub-basalt sediments along the basalt margin to the northwest
of the wells. Stratigraphic units exposed along the basalt margin are
summarized by Campbell (1986; Fig. 1.7-4) and Gresens and Stewart (1981,
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p. 157). These units include, from youngest to oldest, the Oligocene fluvial
Wenatchee Formation and the Eocene fluvial, deltaic, and lacustrine sequences
of the Roslyn, Chumstick, Naches, Manastash, and Swauk Formations.

The first two wells drilled by Shell 0i1 Company in 1980 and 1981 are
located at the same site on the Selah Butte anticline between Yakima and
Ellensburg, Washington. The two wells are Yakima Mineri Company (YM)

No. 1-33, with a total depth of 4,937 m (16,197 ft) and YM No. 2-33, with a
total depth of 1,708 m (5,604 ft) (see Fig. 1.7-2). The YM No. 2-33 was
drilled to test zones in the YM No. 1-33 that could not be tested because of
hole conditions. Formation tests run on perforated casing on two zones, one
3,955 to 4,135 m (12,976 to 13,568 ft) and one at 3,773 to 3,788 m (12,380 to
12 430 ft), in YM No. 1-33 tested gas at noncommerc1a1 rates of about

14,160 m3/d (0.5 mmcf/d). This well created widespread interest in the oil
1ndustry because it penetrated the basalt section at a depth of 1,524 m
(5,000 ft) and logged gas shows in sub-basalt sediments (Gresens and Stewart,
1981). Testing of zones at about 1,524 m (5,000 ft) in the YM No. 2-33 also
indica® | not  mercial rates.

In 1980, Bissa No. 1-29 well, with a total depth of 4,561 m (14,964 ft),
was drilled at the intersection of the Whiskey Dick Ridge (westerly extension
of the Frenchman Hil ; anticline) and the north-south-trending Hog Ranch-
Naneum Ridge anticline. Gas shows were reported, but no tests were run
(Bowen, 1986).

The last well drilled, Shel1/ARCO BN No. 1-9 with a total depth of
5,339 m (17,516 ft), is located on the Saddle Mountains anticline about 19 km
(12 mi) east of Sentinel Gap and about 16 km (10 mi) north of the Hanford
Site; it is the deepest well in Washington State. The BN No. 1-9 penetrated
the basalt section at a depth of 3,490 m (11,450 ft) and encountered gas shows
in several zones below 3,658 m (12,000 ft). Extensive tests run through
perforated casing 1n the zone at 4,076 to 4,081 m (13,372 to 13,388 ft)
recovered 87,792 m3/d (3.1 mmcf/d) gas with two barrels of 32 API gravity
distillate, and tests on the zone at 3,870 to 3,871 m (12,697 to 12,699 ft),
recovered gas at 67,968 m3/d (2.4 mmcf/d) for a combined total in both zones
to 155,760 m3/d (5. 5 mmcf/d) (Bowen, 1986; Lingley and Walsh, 1986). The
operators considered the production rate as noncommercial @ | the well was
abandoned.

On the basis of information developed in the four deep wells drilled by
Shell 0il1 Company, commercial deposits of natural gas could be present in
subbasalt sediments under favorable reservoir and entrapping conditions
(Deacon, 1987; Lingley and Walsh, 1987). Sub-basalt anticlines are considered
the primary exploration trap, but present data are insufficient to determine
the relationship with sub-basalt sediment structure and the basalt anticlines.
If sub-basalt sed e :s are conformable to the large basalt anticlines, major
reservoirs could be present (Deacon, 1987; Lingley and Walsh, 1987).

Lingley and Walsh (1986) compiled vitrinite reflectance data from four

deep boreholes (three deep boreholes from Shell 0il1 Company and the Norco
No. 1) that indicate the sub-basalt sediments have been heated to the
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Low temperature geothermal waters (25 to 55 °C) are present at depths
ranging from 915 m (3,000 ft) to 1,524 m (5,000 ft) in boreholes drilled at
the controlled area study zone. With present technology, these waters could
be developed for direct use. However, such waters are present in areas
adjacent to the Hanford Site; it is unlikely that there would be a need to
develop this in the Hanford Site. Studies to evaluate the geothermal resource
potential for the Hanford Site are described in Section 8.3.1.6.3.3.3.

1.7.3.2 Impact of a waste repository o~ ~otential
futiwa meadqyction of geotherma: resources

Present information indicates that there is no potential for high-
temperature geothermal resources that could be developed for the generation of
electrical power in the Hanford Site, Pasco Basin, or Columbia Basin;
therefore, it is unlikely that exploration of geothermal resources, including
low-temperature geothermal waters, would impact the repository site.

1.7-19




3

8

2 9

g’)

1
el

9 2

This page intentionally left blank.

1.7-20

CONSULTATION DRAFT



CONSULTATION DRAFT

1.8 SUMMARY

This section provides a 1ink between the description of the geologic
characteristics of the candidate site presented in Chapter 1, and the
description of issues to be resolved and the planned activities to resolve
them presented in Chapter 8. The summary highlights the main geologic
characteristics of the candidate site, discusses the relationship of these
characteristics to design, summarizes the information needs that have been
identified in Chapter 8, and describes the relationship of material presented
in C?apter 1 to the information required by NRC Regulatory Guide 4.17 (NRC,
1985).

1.8.1 SUMMARY OF SIGNIFICANT RESULTS

The following summaries by geology subdiscipline highlight the main
features about the candidate site that have been established from exploration
activities conducted to date. The emphasis in conducting the studies that
have resulted in this information has been site selection according to the
guidelines established in 10 CFR 960 (DOE, 1987b), although information from
other programs of basic and applied research on the Hanford Site has been used
as well for this description. The purpose in presenting these highlights is
to provide a brief review of the geology of the candidate site that will aid
the reader in understanding the discussion of issues presented in Section 8.2
and the description of site characterization activities presented in
Section 8.3.

1.8.1.1 Geomorphology

The reference repository location is located within the Columbia Basin
subprovince of the Columbia Intermontane physiographic province. The area is
characterized by relatively low-relief topography and a dry climate. The
Yakima folds and the Central Plains are the geomorphic units containing or
bordering the reference repository location. The Yakima folds consist of
east-west-trending, asymmetric anticlinal bedrock ridges. Erosion by fluvial
incision and mass wasting has continued on these ridges concurrent with their
tectonic development. The Central Plains include the sediment-filled, low-
relief synclinal areas adjacent to the Yakima folds, such as the Pasco Basin
with its Cold Creek Valley, which contains the reference repository location.
Except for minor fluvial and eolian activity, the Central Plains have remained
essentially unchanged geomorphically since the end of the Pleistocene,
approximately 13,000 yr ago.

Geomorphic processes are considered during the siting investigations

because of the possibility for (1) exhumation of the repository and (2) their
influence on the hydrologic regime. Geologic processes that are likely to be
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activ during e next 100,000 yr and that could conceivably affect the waste
isolation capability of the repository by influencing geomorphic processes,
are given below.

Geologic process “luence on geomorphology of region

Tectonism Changes in drainage patterns, erosion, deposition, and
flooding characteristics; altered base level; changes in
topography resulting in mass wasting.

Volcanism Lava and debris flows altering drainage characteristics;
airfall tephra deposition.

Glacial-proglacial Glacial scour; altered drainage characteristics,

activity flooding; altered base level; isostatic effects of ice.
Fluvial-lacustrine Erosion, deposition of sediment; modification of land
activity surface by channel migration; flooding; incision at
site.
Eolian activity Erosion, deposition of sediment; redistribution of minor
indforms.
Mass wasting Slope failure such as landsliding, slumping, soil creep,

and rockfall; altered drainage characteristics.

Weathering Rates of erosion; sediment characteristics.

Of the processes likely to act on the candidate site, those related to
renewed glacial or proglacial activity are most likely to have an impact.
Based on preliminary modeling, the probability of renewed glaciation is very
high over the next 100,000 yr but very low for the next 10,000 yr. The
effects of climatic change or glaciation near the candidate site are not
completely understood; 1ikely effects include increases in groundwater
recharge and changes in volume and location of surface runoff. This could
lead to changes in the deep groundwater flow system. Loading and unloading of
an ice sheet, either directly over or near the candidate site, could induce
fracturing or tectonic movements within the crust.

The potential for breaching of a repository is highly unlikely through
any combination of geomorphic processes over the next 100,000 yr, based on
present and projected tectonic and climatic settings and the proposed depth of
a repository. The effects of normal denudation processes (e.g., weathering,
erosion, and transportation), however, could expose new areas to groundwater
recharge. The impact of this on deep aquifers within the Pasco Basin are
uncertain, Sti ies to further characterize geomorphic processes and their
impact on waste isolation are described in Section 8.3.1.2.4.3.1.

1.8-2



CONSULTATION DRAFT

1.8.1.2 <*+-atigraphy and lithology

The stratigraphic and lithologic characteristics of the candidate area
and site provide important information to (1) develop a framework for other
geologic and hydrologic systems; (2) identify a host rock that meets the
requirements for thickness and lateral continuity; (3) identify host rock
properties that could influence repository design; (4) identify isolation
capabilities of the rock; (5) prov: @ input to the assessment of the resource
potential of the site; and (6) provide data for repository design and
performance assessment.

The controlled area study zone is located within the Pasco Basin, whi:
is a topogn " Ic and structural depression within the Columbia Plateau. The
Columbia P’ Ww is underlain primarily by volcanic rocks of the Columbia
River Basait Group, which is more than 3 km (1.8 mi) thick in the Pasco Basin.
Subbasalt rocks have been interpreted to include Cretaceous to Eocene
sedimentary units, that are 6.1 km (4 mi) thick, directly below the basalt and
crystalline basement rock, 10 km (6 mi) thick. Details of the structure,
stratigraphy, and hydrocarbon resource potential of the sub-basalt rocks are
poorly understood.

The Columbia River Basalt Group, a thick sequence of Miocene tholeiitic
lava flows, is the youngest known assemblage of continental flood basa]ts in
the world. These flows cover an area of more than 163,000 kmZ (63,00Q mi2) in
Washington, Oregon, and Idaho with a total volume of about 170,000 km3
(40,800 m13) Individual flows are generally 20 to 30 m (65 to 100 ft) thick
with volumes of approximately 10 to 30 km3 (2 to 7 mi3); however, these values
are variable. The basalt flows of the Columbia River Basalt Group were
erupted from about 17 to 6 m.y.B.P., although more than 98% of the basalt, by
volume was erupted between 17 and 14.5 m.y.B.P. (see Section 1.2.1.2).

The Columbia River Basalt Group is divided into five formations, listed
from oldest to youngest: Imnaha, Picture Gorge, Grande Ronde, Wanapum, and
Saddle Mountains Basalts. The Imnaha and Picture Gorge Basalts are not known
to occur in the Pasco Basin. 1e Grande Ronde Basalt, which contains the
repository horizon (the Cohassett flow), is the most extens1ve and voluminous
formation. It contains more than 149,000 km3 (35,700 mi3) of basalt. This
formation erupted from 16.9 to 15.6 m.y.B.P. This represents about 87.5 vol¥%
of the total Columbia River Basalt Group. The thickest known section of
Grande Ronde Ba: It (more than 2,700 m (8,850 ft) thick) occurs along the
western edge of the Pasco Basin. Flows of the Grande Ronde Basalt are
typically aphyric, although a few flows contain sparse to abundant pli loclase
phenocrysts.

Within the Pasco Basin, the Grande Ronde Basalt is divided into two
informal sequences, the Schwana d the Sentinel Bluffs sequences. The
Umtanum flow is the second uppermost flow of the Schwana sequence. The
Sentinel Bluffs sequence includes 13 individual flows. The Cohassett flow is
within the ddle portion of the Sentinel Bluffs sequence. Within the
controlled area study zone, the Sentinel Bluffs sequence contains eight to
nine flows. The Cohassett flow is the thicl it within the controlled area
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study zone and varies from about 66 to 81 m (218 to 268 ft) thick; the top of
the flow varies from 671 to 943 m (2,220 to 3,093 ft) below the ground
surface. '

The Wanapum Basalt regionally is comprised of up to 26 flows that were
erupted from about 15.6 to 14.5 m.y.B.P. The formation contains 10,600 km3
(2,550 mi3) of basalt that constitute 7.5 vol% of the entire Columbia River
Basalt Group. Within the controlled area study zone, the Wanapum Basalt is
approximately 357 m (1,170 ft) thick and consists of up to 12 individual
flows.

The Saddle Mouni ins Basalt is comprised of 14 chemically diverse members
(only four occur in the controlled area study zone) that were erupted
intermittently from 14.5 to 6 m.y.B.P. and repre: 1its the final phase of the
Columbia River basalt volgcanism. The Saddle Mountains Basalt is estimated to
have a volume of 2,390 km3 (574 mi3) and represents only 1.4 vol% of the
entire Columbi River Basalt Group. Lateral distribution of the formation
members is limited. The thickness of tI Saddle Mountains 11t v~ *ies
significantly across the controlled area study zone (see Section 1l.z.2.1.3 for
a discussion of this thinning).

Interbedded sediments of the Ellensburg Formation occur between flows of
the Columbia River Basalt Group, and suprabasalt sediments of late Miiocene to
Holocene age l1ie on top of the Columbia River Basalt Group. In the controlled
area study zone, the Ellensburg Formation consists of five continuous and
several discontinuous interbeds. Three of the continuous interbeds are within
the Saddle Mountains Basalt. They are, from oldest to youngest, the Cold
Creek, Selah, and Rattlesnake Ridge interbeds. One interbed, the Mabton,
separates the Saddle Mountains and Wanapum Basalts; and the fifth and lowest
continuous interbed, the Vantage, separates the Wanapum and Grande Ronde
Basalts. The Vantage interbed is the closest interbed to the Cohassett flow.
It averages about 2.7 m (9 ft) thick across the controlled area study zone.
The interbeds of the Ellensburg Formation are typically quartzitic to arkosic
sandstone and mudstone with minor conglomerate. The characterization of the
interbeds within the controlled area study zone is incomplete, and their
lithologic and hydro]ogic nroperties are currently uncertain. A variety of
stratigraphic studies is [ inned to further characterize the Ellensburg
Formation (see Section 8.3.1.2.3.3.1.1).

Suprabasalt sediments within the controlled area study zone include the
fluvial-lacustrine Ringold Formation and the glaciofluvial Hanford Formation.
The Ringold Formation consists of four subunits and is about 110 to 215 m (350
to 700 ft) thick in the central Cold Creek syncline. A plio-pleistocene unit
Ties between the Ringold and Hanford Formations. The sediments of the Hanford
Formation vary from 5 to 65 m (15 to 210 ft) thick and record late Pleistocene
cataclysmic floods with coarse gravel (Pasco Gravels) and fine-grained
slackwater (Touchet Beds) deposits. Other Quaternary suprabasalt sediments
that occur in the Pasco Basin and the controlled area study zone include
alluvium, colluvium, dune sand, loess, and landslide deposits.
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The flows of the Columbia River Basalt Group contain internal features
that result from the cooling of the lava. These intraflow structures include
the flow top, flow bottom, and flow interior. The flow top is the chilled,
glassy upper crust that is often vesicular to scoriaceous, or rubbly to -
brecciated. The flow top typically represents about 10% of the total flow
thickness. The flow bottom is typically only a few centimeters thick and
consists of a glassy, vesicular chilled zone. Flow bottoms can, however, be
much thicker (e.g., greater than 25 m (75 ft)) and occupy up to 30% of the
flow at locations where the molten lava encountered standing water. Cooling
joints and fractures predominate within the flow interiors and form colonnade
and entablature structures. The colonnade usually occurs at the base of the
flow interior and consists of relatively well-formed, vertically oriented,
polygonal columns of basalt. The entablature is composed of irregularly to
regularly jointed small columns, which are commonly fractured into hackly
fist-size fragments. Entablature columns can be oriented vertically, exhibit
regular patterns (e.g., rosettes or fans), or be disordered. Contacts between
colonnade and entablature may be distinct or gradational. Other intraflow
structures include vesicle pipes, cylinders, sheets, and zones; laminae or
dispersed diktytaxitic vesiculation; and platy fracturing.

The internal characteristics of the Cohassett flow within the controlled
area study zone are similar to other Columbia River Basalt flows in that there
is a flow top, flow interior, and a discontinuous flow bottom. The Cohassett
flow-top thickness ranges from 4.0 to 23.2 m (13 to 76 ft) across the
controlled area study zone and consists of flow-top breccia and rubble
overlying vesicular and vuggy basalt. Field studies north of the controlled
area study zone suggest that flow-top thickness variations of 10 m (33 ft) may
occur over lateral distances of about 100 m (330 ft). The interior of the
Cohassett flow ranges from 42.7 to 75.6 m (140 to 248 ft) within the
controlled area study zone. A laterally extensive vesicular zone occurs
within the Cohassett flow interior. The flow interior, above the vesicular
zone and below the flow top, ranges from 16 to 22.3 m (53 to 73 ft) thick;
whereas the flow interior below the vesicular zone and above the flow bottom
is from 29 to 45.4 m (95 to 149 ft) thick. Virtually all (99.4%) of the
cooling joints in the flow interior are filled with clay, silica, or zeolite.
The flow bottom of the Cohassett flow in the controlled area study zone is
typically a thin zone of vesicular basalt. The flow bottom ranges from 0 to
6m (0 to 20 ft) in thickness across the controlled area study zone.

An understanding of the characteristics of intraflow structures and their
vertical and lateral variability across the controlled area study zone is
necessary for repository design and performance assessment. The present
geologic data base is incomplete and results in uncertainty in predictions of
the variability of intraflow structures and lateral thickness variations of
these features. Therefore, further studies are planned to provide a more
complete and detailed data base that will be used to reduce the uncertainties
in understanding t| stratigraphic, 1ithologic, and structural characteristics
of the basalt layers in the controlled area study zone
(Section 8.3.1.2.3.3.2).
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Analyses of cooling joint data from core within the controlled area study
z. » have provided information on seven cooling joint parameters: frequency,
width, orientation, percent infilling by secondary mine1 [s, infilling type,
core-break frequency, and wall-rock alteration. Data on persistence and
roughness from boreholes within the controlled area study zone have not yet
been analyzed. Plans for the analysis of these parameters is discussed in
Chapter 8 (Section 8.3.1.2.3.3.3). An understanding of the characteristics of
cooling joints is necessary for radionuclide transport models in assessing the
performance of the site and for design activities. Further studies are
planned in determining the characteristics of cooling joints and are discus: 1
in Section 8.3.1.2.3.3.3.

1.8.1.3 Structural geol~~ =~d t =~ - e
can“idate area anu >:te

The study and characterization of the structural geology and tectonics of
the can date area and site are necessary to understand the geometry of the
bedrock and tectonic structures and of tectonic processes and evolution in the
Columbia Plateau. This information is important for repository design and for
performance analysis of the repository.

The Columbia Plateau is part of the North American continental plate that
is separated from the oceanic Juan de Fuca plate to the west. and by the
Cascadia subduction zone. The Columbia Plateau lies in a bar arc environment
in the context of plate tectonics. While this Cenozoic plate-tectonic
framework is reasonably well understood, the details of the | aracteristics of
plate geometry and the nature of plate interactions are not clear,
particularly the impacts of plate motion on the candidate ari and site.
Therefore, studies are. planned to address these uncertainties
(Section 8.3.1.2.4). o

Igneous activity during the Cenozoic in the region of the candidate site
has been both intrusive and extrusive. The eruption of the voluminous
Columbia River flood basalts, from 17 to 6 m.y.B.P., has been the most
prominent form of this igneous activity. Extrusive and intrusive igneous
activity in the Cascade Range began about 38 m.y.B.P. The rocks representing
the youngest and present period of Cascade Range volcanism are less than
5 m.y. old. The only deposits present in the Pasco Basin derived from Cascade
Range volcani¢ are airfall tephra (volcanic ash) and reworked tuffaceous
sediments.

The Pasco Basin and the controlled area study zone are located within the
Yakima Fold Belt tectonic subprovince of the Columbia Plateau. The Yakima
Fold Belt is boundt on e east by the Palouse subprovince and on the south
by the Blue Mounta ; subprovince. The Palouse subprovince contains two
subunits: northern Palouse Slope and southern Clearwater Embayment. The
Palouse Slope is a regional structural slope that dips gently westward and
exhibits only minor tectonic deformation compared to other subprovini ;. The
Clearwater Embayment consists of structural basins and uplifted blocks that
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are tilted, gently folded, and broken by numerous faults having a variety of
trends. The Blue Mountains subprovince is structurally diverse, dominated by
the complexly faulted Blue Mountains anticlinorium in its northern portion and
a series of structural basins in its central and southern portions. The
structural basins are either fault-bounded or fold-bounded. The major
structural elements of the Blue Mountains subprovince are the Blue Mountains
anticlinorium, Hite Fault System, La Grande Fault System, Service anticline,
Wallula Fault zone, and southern Olympic-Wallowa lineament. At present, there
is uncertainty regarding the nature and characteristics of these major
structural elements, their structural and tectonic relationships to each
other, age and rates of tectonic deformation associated with each structure,
and implications and impacts that each may have on the repository site.

Stu ‘es are planne to address these uncertainties (Sections 8.3.1.2.3

and 8.3.1.2.4).

The Yakima Fold Belt subprovince contains four structural elements:
Yakima folds, Cle Elum-Wallula disturbed zone, Hog Ranch-Naneum Ridge
anticline, and northwest-trending wrench faults. The Yakima folds are a
series of east-west-trending, narrow, asymmetric anticlines that have
wavelengths of about 5 to 30 km (3 to 19 mi) and amplitudes generally less
than 1 km (0.6 mi). The anticlines are separated by broad synclines or basins
(e.g., the Cold Creek syncline where the reference repository is located)
that, in many cases, contain thick sequences of post-basalt Neogene- to
Quaternary-age sediments. The Yakima folds appear to have formed as the
result ' regional, north-south compression. The cross-sectional geometry of
the anticlines varies from symmetrical, open folds to asymmetric folds with
one steep or overturned limb. The anticlines are often segmented by cross-
trending folds or faults. The cross-sectional geometry of the synclines
between the anticlines is also variable and dependent on the wavelength of the
folds; the broader the wavelength the more poorly defined the syncline.

Thrust or high-ar [e reverse faults that strike roughly parallel to the
anticlines are often found along both 1imbs of the folds. The amount of
vertical offset across these faults is commonly greater than hundreds of
meters.

The total amount of shortening across the Yakima Fold Belt is not known,
but may be on the order of 25% to 35% due to both folding and faulting.
Individual anticlines have approximately 1 to 3 km (0.6 to 2 mi) of
shortening.

Deformation initiating the folding in the Yakima Fold Belt appears to
have begun at least by Grande Ronde Basalt time. Deformation continued at
least into the late Miocene or Pliocene in the Pasco Basin, as indicated by
the thinning across the folds by sediments of that age. There is little
direct field evidence for Quaternary deformation along the Yakima folds (e.q.,
faulting or folding). Only three cases of suspected Quaternary faulting
associated with Yakima fold anticlines have been documented: (1) small
displacement of the Central Gable Mountain fault (on the Umtanum Ridge-Gable
Mountain structure), located 8 km (5 mi) north of the reference repository
location; (2) apparent surface rupture along the Toppenish Ridge anticline,
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located 75 km (45 mi) west ¢ the reference repository location; and

(3) displacement of Pleistocene-age gravel by the Union Gap fault along
Ahtanum Ridge, about 60 km (38 mi) west of the reference repository location.
Despite the paucity of evidence for Quaternary deformation, 1imited geologic
evidence, geodetic evidence, and seismologic data suggest that the Yakima
folds have continued to develop in post-basalt (past 6 m.y.) t. ..., but at Tow-
average rates. The rate of uplift of the folds at the close of Columbia River
basalt volcanism was ¢ >ut 40 m/m.y. (130 ft/m.y.), and this rate appears to
have continued- through the P1ioc 1 and into the early Quaternary. The low
observed rates of geodetic strain plus the low seismicity of the Columbia
Plateau tend to suggest that current deformation is continuing at low-average
rates. However, the current data are incomplete in terms of characterizing
the tectonic evolution of individual Yakima folds. Studies are planned to
characterize the major structures of the Yakima folds (Sectir s 8.3.1 ~.3

and 8.3.1.2.4).

The Cle Elum-Wallula disturbed zone is a narrow zone (10 km (6 mi) wide)
that transects the Yakima Fold Belt in a northwest trend. The Cle Elum-
Wallula disturbed zone is defined and characterized by an abrupt change in
trend of Yakin folds, an aligned belt of doubly plunging anticlines, and the
We lula fault zone. The age and timing of deformation along the Cle Elum-
Wallula disturbed zone are not well constrained. Available data indicate that
deformation began by ¢ 1least late Grande Ronde time and continued through the
Miocene. Evidence for Quaternary deformation has been reported at six
localities either within or directly associated with the Cle Elum-Wallula
disturbed zone. However, there is no evidence for Quaternary deformation
northwest of Finley Quarry, which is Tocated 65 n (40 mi) south of the
reference repository location. This may be due to a lack of he appropriate
age stratigrapic record rather than to a lack of deformation along the
Cle Elum-Wallula disturbed zone. Additional studies are planned to reduce the
uncertainties in interpri ing tectonic evolution of the Cle I im-Wallula
disturbed zone (Sections 8.3.1.2.3 and 8.3.1.2.4).

The Hog Ranch-Naneum Ridge anticline is a broad, structural arch that
trends north-northwest and forms a portion of the western boundary of the
Pasco Basin. It extends from near Wenatchee, Washington, south to at least
Yakima Ridge and possibly as far south as Horse Heaven Hills. Little is known
about the structural geology of this feature, and studies are planned to
further characterize its structural nature and tectonic relationship to the
folds of the Yakima Fold Belt (Section 3.1.2.3).

Numerous northwest-trending, dextral strike-slip (wrench) faults occur in
the western Columbia Plateau west of longitude 120°. At least four of these
faults are greater than 100 km (60 mi) long, and they cross the trends of
several Yakima folds. Less numerous sinistral strike-slip wrench are also
present. The wrench faults of regional extent appear to have developed
contemporaneously with the Yakima folds and deformation along at least some of
these features has continued into the Holocene. The reason for the apparent
absence of these structures in the central portion of the Columbia Plateau
(i.e., the Pasco Basin) is not known, nor is their role in the tectonic
development of the Columbia Plateau. Studies are planned to address these
uncertainties (Sections 8.3.1.2.3 and 8.3.1.2.4).
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The current tectonic stress regime in the central Columbia Plateau, as
derived from earthquake focal mechanism solutions and hydrofracturing
measurements, indicates a predominance of north-south compression and vertical
tension. This suggests that the majority of the current swarm-type tectonic
deformation may be occurring on numerous high-angle reverse faults oriented
roughly east-west rather than on single planes.

Seismicity within about 10 km (6 mi) of the reference repository location
since 1969 is characterized primarily by shallow microearthquake swarms and
infrequent deep earthquakes, the latter having occurred during two distinct
time periods. The shallow microearthquake swarms include the Coyote Rapids
swarm, located 8 km (5 mi) north of the controlled area study zone, and the
Cold Creek swarm, located 5 ) 8 km (3 to 5 mi) south of the controlled area
study z« . The Coyote Rapids swarm includes 91 earthquakes, with 70%
occurring at depths generally less than 4 km (2.5 mi) and 98% at depths less
than 8 km (5 mi). The two largest events were magnitudes 3.4 and 3.8; most
are magnitude 1.5 or less. The Cold Creek swarm includes 15 events from two
periods of activity since 1979. They have occurred at depths less than 5 km
(3 mi) and the largest event was magnitude 2.4.

Deep earthquake activity at the reference repository location has been
limited to two time periods containing a few small-magnitude events each. The
first was in November, 1969 and included four microearthquakes aligned on an
apparent north-south trend through the reference repository location that
occurred at pths of 3 to 10.3 km (1.6 to 6.4 mi) with magnitudes from 1.3 to
2.2. The second period occurred between March and September, 1971 and
included six events below the central northern border of the reference
repository location. These occurred at depths of 6.5 to 8.0 km (4 to 5 mi)
with magnitudes from 0.4 to 1.1. :

The characteristics and generating mechanisms of the shallow
microearthquake swarm events and the deep seismicity are not well understood.
Thus, the significance to the repository of particular events or series of
swarms is uncertain. Studies are planned to investigate the nature and
mechanism of shallow and d¢ ) seismicity in the area of the repository
(Section 8.3.1.2.4.3.3.5).

Previous work on the Hanford Site for the siting and licensing of
commercial nuclear powerplants has identified several potential Pasco Basin
earthquake sources and their characteristics for use in seismic design. These
studies provide a preliminary basis for the identification of earthquake
sources, the estimation of source characteristics, the estimation of seismic
hazard, and the development of estimates of ground motions for the repository.
However, because of the different nature of surface powerplants and a
subsurface repository, and their differing time frames of 100 yr versus
10,000 yr, the direct applicability to repository siting of the previous
seismic hazard and design efforts for commercial reactors at the Hanford Site
is uncertain. Therefore, further studies are planned in seismology, as ' 1
as structural geology and tectonics, to characterize potential earthquake
sources; study the differences of seismic wave transmission between the
surface and subsurface; estimate vibratory ground motion; estimate the seismic
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repository feasibility and siting. The wells drilled for water supply have
all been less than 300 m (1,000 ft) deep, except for an emergency water-supply
well drilled to 599 m (1,964 ft) for the Fast Flux Test Facility on the
Hanford Site. O0il and gas exploration wells have penetrated to depths of
3,248 m (10,655 ft) in the Pasco Basin, but the closest one (2.5 km (1.6 mi))
to the reference repository location is only 610 m (2,000 ft) deep and
penetrates only the lower Wanapum Basalt. Boreholes drilled for surveillance
and waste management at the Hanford Site are generally within the suprabasalt
sediments or into the top of basalt. Boreholes drilled for nuclear powerplant
siting are generally shallow, with the deepest penetrating the uppermost
confined aquifer, the Rattlesnake Ridge interbed. Of the boreholes drilled
for repository studies, only 17 in tI reference repository location extend
below the top of basalt and penetrate the upper confined aquifer. Several
boreholes penetrate the lower Grande Ronde Basalt.

No subsurface penetrations, other than boreholes and the Near-Surface
Test Facility, exist within the reference repository location or controlled
area study zone (within 10 km (6 mi) of the reference repository location).
The locations and status of boreholes within the Hanford Site and the
reference repository location are well documented. Locations and status of
water-supply wells outside the Hanford Site and within the Pasco Basin are
generally known or traceable through drilling records, although not all such
wells may have available records. None of the known offsite water-supply
wells penetrate to depths of the Cohassett flow.

A11 boreholes within the reference repository location and the controlled
area study zone that penetrate the Grande Ronde Basalt and the candidate
horizons contain grouted-in piezometers or removable bridge plugs to prevent
aquifer interconnection or crossflow. No boreholes within the reference
repository location or the controlled area study zone penetrating the basalts
were abandoned or plugged back to the surface. Outside the reference
repository location, aquifer interconnection and potential crossflow may be
possible in two deep boreholes, Rattlesnake Hills No. 1 and Walla Walla No. 6,
in the Grande Ronde Basalt.

1.8.1.7 Mi»~=a? and kudrgcavhan resorrres

The natural resource potential of the candidate area is a consideration
in evaluating the possibility for future inadvertent intrusion to the
repository as a result of exploration activities. Potential mineral resources
known to exist within 100 km (62 mi) of the controlled area study zone include
lignite, peat, geothermal, gold, clay, diatomaceous earth, mineral water,
perlite, pumit , sand, gravel, and stone. Current mining activity is limited
to surface extraction of diatomaceous earth, sand and gravel, and stone. With
the exception of low-grade, placer gold along the Columbia River near Blalock
Island, 68 km (42 mi) south of the reference repository location, and high-
grade underground gold near Wenatchee, Washington, 80 km (50 mi) northwest of
the reference repository location, no high-unit-value mineral resources are
known to occur within 100 km (62 mi) of the reference repository location.
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Current mining activity, or activity that can be reasonably expected
during the next 25 yr, within 100 km (¢~ mi) of the reference repository
location, would not be affected by a nuciear waste repository located at the
proposed de| | of approximately 900 m (3,280 ft). No loss of gross or net
value of mineral resources, with the possible exception of natural gas, from
future mineral production is likely.

The geologic setting of the reference repository location suggests that
the area is relatively unattractive for future subsurface mineral exploration
and development. However, since economic conditions, especially gold prices
and interest rates, have changed dramatically since 1980, studies to
reevaluate these mineral resources are outlined in Section 8.3.1.6.3.3.

Exploration for hydrocarbon resources within the Columbia River basalts
has occurred over the past 70 yr in the areas of Rattlesnake Mountain, Benson
Ranch, and Frenchman Hi Is. Currently, there is no gas production from the
Columbia River basalts within 100 km (62 mi) of the reference repository
location. Based on the occurrence of geologic environments similar to th: of
the Rattlesnake Hills gas field and available drilling results, it is
estimated that future shallow production of natural gas within the Columbia
River Basalt Group is possible in three areas: (1) the westward or
southeasterly extension of the Rattlesnake Hills gas field, Benton County,
Washington; (2) the Mabton area of Yakima County, Washington; or (3) the
Frenchman Hills area of Grant County, Washington. Although several deep water
wells have been drilled into basalt in each of these areas, only small amounts
of natural gas have been encountered in the basalt. No boreholes within the
Columbia Basin, with the exception of the old Rattlesnake Hills gas field,
have ever encountered commercial quantities of gas, including the numerous
boreholes drilled in and around the reference repository location.

Exploration for hydrocarbon resources ithin the sub-basalt rocks within
the candidate area has continued since 1929 and has increased since 1980.
There have been at least 10 boreholes drilled that exceed 1,000 m (3,300 ft)
depth. Commercial natural gas deposits could be present beneath the Columbia
River basalt. Areas attracting the greatest exploration interest to date are
located along iticlines. These folds are of special interest where they
overlie thick sequences of potentially carbonaceous source rocks. Although
noncommercial gas has been found in interbeds within the Columbia River Basalt
Group, the basalt is not considered a good reservoir, although it may act as a
caprock to confine upward migration of natural gas.

Currently, the thickness, distribution, and hydrocarbon potential of the
sub-basalt sedimentary sequence in the Pasco Basin are unknown. However, the
location of the Pasco Basin within a large regional depression suggests that
the Basin is not a structurally favorable exploration target when compared
with adjacent anticlinal areas of the Columbia Plateau. Additional studies to
assess the hydrocarbon resource potential of the sub-basalt sequences as well
as the basalt are discussed in Section 8.3.1.6.3.
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1.8.2 RELATION TO DESIGN

The geologic and tectonic environment containing the candidate site has
an important influence on the design of the repository and its facilities.
Natural and manmade components for both surface and subsurface facilities must
be able to function properly both during the preclosure and postclosure time
periods to maintain waste isolation. The design of these components is based
in part on information developed from the study of the geology of the
candidate area and the site.

The study of stratigraphy and structure provides information to be used
in the design of the repository layout; design and placement of shaft seals;
and the design of roof supports and stable openings. The subsurface geometry
of the Cohassett flow, which is the repository horizon, is derived from the
study of stratigraphy and structure. This geometry and its lateral continuity
are critical to the repository layout design as well as the placement and
design of shaft seals (see Sections 6.3.2 and 6.3.5). Lateral variations in
thickness of Cohassett intraflow structures versus the dense interior also
affect repository layout and the design of roof support. The location,
nature, fregquency, and extent of rock fractures affect the design of roof
support, the stability of mined openings, and shafts and provide input to the
design of mine pumping capacities and construction strategies (see
Sec ‘ons 6.3.2, 6.3.4, 6.3.5, and 6.3.6).

The study of the seismology and tectonic evolution of the site provides
input to the seismic design of surface and subsurface repository facilities
(see Section 6.3.7). Important parameters provided are the location and size
of the design-basis earthquake; vibratory ground motions; and the location and
magnitude of potential fault displacement. The study of tectonic deformation
provides information on the magnitude and direction of in situ stress, which
is input to the design of stable openings and shafts (see Section 6.3.2), and
used in developing estimates of rock mass strength for design of waste
placement (see Section 6.3.4). The study of volcanic processes and potential
volcanic hazards provides input to the analysis of the type, magnitude, and
probability of volcanism in the Pasco Basin. This information may be further
used in design (see Section 6.1.2.8).

The mineralogic and petrologic characteristics of the host rock and
fracture infillings are used in the design of the waste package (see
Section 7.2). The waste package-host rock interaction and potential changes
to this interaction are affected in part by the mineralogic and petrologic
conditions of the host rock and fracture-filling materials..

1.8.3 IDENTIFICATION OF INFORMATION NEEDS

Chapter 1 presents data and interpretations that have been obtained for
the purpose of site selection as defined in 10 CFR 960 (DOE, 1987b). The
current geologic data base contains a number of areas with incomplete data
sets, inadequate detail of data, or uncertainties in data that 1imit analysis
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and interpretation. Additional data pertaining to the geologic
characteristics of the candidate area and site must be obtained, analyzed, and
interpret¢ for three purposes: site characterization, assessment of
performance of the site as a repository, and as input to the design of a
repository.

Chapter 8 presents the analysis of issues that remain to be resolved with
respect to a site characterization program (Section 8.2), and also a
description of the activities planned to address those issues (Section 8.3).
The following is a brief summary of the geologic information that is
considered necessary to complete the resolution of issues. ~ e term
"information need" is used in the context of the "Issues Hierarchy For A Mined
Geologic Disposal System" as defined by DOE (1986) (see Section 8.1.1). An
information need is that information required to resolve a particular issue;
the information need is the level at which the issues hierarchy becomes
specific for the Hanford Site.

The issues hierarchy that has been esablished for mined geologic disposal
systems classifies issues into three categories: performance, design, and
characterization (DOE, 1986, pp. 2-3) (see Section 8.1.1). Performance issues
are questions involving performance of the disposal system with regard to .
regulatory requirements. Design issues are questions about the design of the
repository, seals, and waste package. Characterization issues are guestions
about the site characteristics, processes, and events that may affect the
design and performance of the disposal system. Resolution of the
characterization issues provides the data that are needed to address the
design and performance issues. Information needs for the resolution of altl
categories of issues are developed for each candidate site.

For the BWIP Site Characterization Program (Chapter 8), individual
studies in geology have been designed that are parallel in organization to the
information needs that have resulted from an analysis of issues (Section 8.2;
see Table 8.2.2-1 for a complete list of program-wide information needs and
their correlation to issues). These studies have been grouped into larger
units having a common discipline; they are referred to as investigations and
their titles are shown in Table 1.8-1. Note that future investigations of
natural resources, while treated as part of the geologic description of the
site in Chapter 1, are presented as a separate site program in Section 8.3.

The issues are listed in Table 1.8-1 are those that pertain to
performance and design of a repository. Discussion of characterization
issues, as defiend by DOE (1986, pp. 5-10), is incorporated into - e
discussion of individual studies in Section 8.3.1.2. Table 1.8-2 presents an
outline of the investigations and studies for the geology and natural
resources programs, along with a cross-reference to background information in
Chapter 1. The studies that are listed in Table 1.8-2 can be viewed as the
geologic information needs that are required to resolve characterization
issues, as well as performance and design issues.
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1.8.4 RELATION TO U.S. N ’LEAR REGULATORY
COMMISSION REGULATORY GUIDE 4.17

The content of this chapter follows the DOE annotated outline (DOE,
)I87a) that was developed directly from the NRC Regulatory Guide 4.17 (NRC,
1985). The annotated outline contains no significant changes from the
regulatory guide regarding the content of this chapter, which therefore
addresses the requests of the regulatory guide.
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