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Executive Summary

Increasing domestic and commercial demand for natural gas in the Pacific Northwest requires
development of adequate storage facilities. Geologic storage is one economically attractive option
provided adequate storage capacity and containment requirements can be met in favorable locations.
Extensive areas of thick layers of basalt within central Washington State represent a large geologic
province that is relatively unexplored for subsurface gas storage. Existing gas transmission pipelines
cross this area, and certain basalt structures have been demonstrated to be capable of containing natural
gas. The challenge is to identify specific locations that are suitable both for natural gas storage and near
existing pipelines.

This report provides a preliminary screening assessment and a compilation of information and
methods needed to select and characterize suitable locations for subsurface gas storage. The report is
intended to serve as a guide for exploring the feasibility of natural gas storage reservoirs within the deep
basalts of the Columbia Basin. Major findings and recommendations are summarized below.

General Findings. The deeper basalt aquifers in selected areas of the Columbia Basin are suitable
for subsurface storage of natural gas provided certain conditions are met. Based on available information,
the central portion of the basin appears to be the most favorable area of the region for potential natural gas
storage. Characteristics favoring this area include the following:

e Thickness. There is sufficient thickness of basalt for natural gas storage and high hydrostatic
pressures for gas containment. The total thickness of the basalt (>5 km) is greatest in this area.
Individual basalt flows also reach their greatest thickness, which provides additional caprock sealing
thickness for effective subsurface storage

e Closure. There are numerous anticlines (Yakima Fold Belt) that can provide geologic closure for gas
storage. This increases the likelihood of locating a suitable structure for closure or containment of
injected gas.

o Tectonic stability. Earthquake activity is minimal. Typical earthquake activity is low and
concentrated in swarms within synclinal areas.

¢ Groundwater quality and water rights. Groundwater quality in potential deep basalt storage
horizons is unsuitable for irrigation or domestic use (e.g., high fluoride content). The hydrochemical
character of the deeper basalt interflow zones thus precludes their use for domestic purposes and
creates minimal issues over water rights.

o Low groundwater flow rates. Isotopic and hydrochemical data suggest the deep groundwater is

very old, with estimated flow rates of less than 1 to 2 m/yr. Dissolved gas in the groundwater would
migrate advectively at very slow rates away from natural gas stored in this hydrogeologic regime.
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o Large database. A large subsurface characterization database exists for the geology and hydrology,
including individual basalt interflow zones within central Columbia Basin. Studies over the years by
the U.S. Department of Energy (DOE) have provided regional geology and deep basalt and aquifer
characterization data. These data allow preliminary site screening for areas with the greatest
likelihood of vertical hydrologic isolation (caprock/containment).

o Regional groundwater flow separation. Several observed regional stratigraphic horizons that
separate groundwaters between the major hydrostratigraphic units have been identified in the central
Columbia Basin. The presence of distinct groundwater flow systems provides additional sealing
potential for the vertical migration of natural gas stored within underlying basalt interflow zones.

o Existing infrastructure. Natural gas pipelines run southeast to northwest through the center of the
Yakima Fold Belt and along the southern boundary. In addition, a natural gas transmission line runs
north to south across the eastern part of the Columbia Basin.

o Existing natural gas field. The occurrence of a commercial gas field along the western margin of
the Pasco Basin (Rattlesnake Ridge) that was exploited until the 1940s provides evidence that basalt
interflow zones can serve as natural gas storage reservoirs.

e Favorable land acquisition. Much of the land within the central Columbia Basin is already removed
from the private sector (e.g., Hanford Site). Thus, developing a natural gas storage project on federal
land would be consistent with the current energy strategy and would avoid condemnation suits often
needed to acquire land from privately held interests.

A map summarizing the features described above is shown in Figure ES.l. This map shows areas
of high and low potential and areas of uncertainty. Based on existing information, the most favorable
Columbia Basin locations are in the vicinity of central Columbia Basin (innermost elliptical zone of
Figure ES.1). The inner zone is also located at the intersection of two major pipeline systems from
Canada and Wyoming. Proximity to pipelines, folded basalt, and water quality are all favorable for
subsurface natural gas storage in deep basalt aquifers within this designated zone. The indicated
favorable zone could be expanded if deep aquifer information were available (i.e., the area with uncertain
groundwater chemistry shown in Figure ES.1).

Site Selection and Characterization. Several technical considerations and issues are identified that must
be addressed to evaluate the suitability of a candidate basalt structure, once a specific location within the

target area (Figure ES.1) is selected. The primary questions that must be addressed include the following:

o Are there zones within the basalt flows in the candidate structure that have sufficient size (lateral
extent, thickness, continuity) to store natural gas?

¢ Do the storage zone(s) have favorable properties (i.e., sufficient porosity and permeability) for
efficient natural gas storage and retrievability?

o [s there sufficient closure at depth to keep the gas from migrating away from the site?
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Figure ES.1. Map Showing Areas Comprising Favorable, Unfavorable, and Uncertain Areas
for Natural Gas Storage in Columbia River Basalt Group Lava Flows

o Are there good caprocks that will prevent the stored natural gas from leaking from the storage
horizon?

o [s the groundwater quality favorable (non-potable and the absence of H,S)?

Collectively, the Columbia River Basalt Group (CRBG) covers an extensive area with individual lava
flows covering many tens of thousands of square kilometers. The great volume and extent of CRBG lava
flows sets them apart from typical small-size lava flows and provides attractive targets for gas storage
reservoirs. Although only the interflow zones are usable for natural gas storage, the great volume and
extent of CRBG flows put them on equal footing with the sedimentary formations within the United
States that are currently being used for gas storage. Scoping calculations indicate that a single interflow
zone (at a depth of 1,000 m) in an anticlinal basalt structure 1 to 2 km wide 5 to 10 km long can provide
more than adequate storage space for a typical 0.4 billion cubic meter facility. Larger storage volumes
can be achieved by using multiple interflow zones at an individual storage site location.

Detailed descriptions of drilling and hydrologic testing methods, geophysical tools, basalt flow
identification methods, and lithologic and hydrochemical sampling procedures needed to evaluate the
suitability of candidate site are provided in the main body of the report and in the extensive set of
appendices. A key is also provided to facilitate cross-referencing the specific characterization needs and
methods for successfully developing a subsurface gas storage facility within deep basalt aquifers of the
Columbia Basin. These evaluation methods have application as well in other lava flow or volcanic
provinces.



Finally, the report should serve as a valuable source document for subsurface hydrogeologic investi-
gations in the layered basalts of Washington and Oregon. In this regard, it should be useful to the natural
gas transmission industry as an invaluable aid in:

e planning for potential subsurface gas storage facilities and related decision-making

e drilling and testing during the site investigation phase

e documenting appropriate supporting information for drilling and operating permit applications
e preparation of environmental impact assessments at proposed gas storage sites.

Regulatory agencies charged with implementing state groundwater environmental protection statutes
should also find this compilation of hydrogeologic data and testing methods indispensable in evaluating
applications for drilling permits, wastewater disposal permits, and facility operating permits.

Other Applications. Reduction of atmospheric releases of carbon dioxide is a critical national and
international issue. Various schemes to sequester this greenhouse gas have been proposed, including
geologic disposal. However, basalt has received little attention as a potential sequestration medium.
Injection into deep basalt aquifers involves many of the same considerations as required for natural gas
storage. Chemical reactions unique to basalt may enhance retention of the carbon dioxide as carbonate
solid phases. In addition, a structural trap to restrict lateral movement of the injected gas is not required,
making larger areas available for sequestration. Thus, this option is an attractive alternative to other
modes of off-gas treatment for fossil-fired power plants located in the Columbia Basin. Much of the
background information provided in this document is equally applicable to both gas storage and carbon
dioxide disposal. Co-investigation of these two applications would be cost-efficient and could facilitate a
more timely solution to some major problems facing the energy industry.
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1.0 Background

1.1 Need for Natural Gas Storage

Natural gas is rapidly becoming an important source for energy generation in the Pacific Northwest.
One of the biggest obstacles facing the increased use of natural gas east of the Cascade Range is the
limitation imposed by supply lines. Currently, only two major supply lines provide service to eastern
Washington and eastern Oregon, and they are approaching capacity. Branch line locations with respect to
major physiographic regions are shown in Figure 1.1. The Pacific Gas Transmission Company has a gas
transmission line supplying Canadian natural gas that crosses the international boundary in Idaho and
primarily serves clients in California. The Williams Pipeline Company serves the Pacific Northwest from
Wyoming, with its main supply line crossing the Blue Mountains and joining western Washington gas
transmission lines near the Washington/Oregon border. To meet future needs for the region for both
domestic consumption and proposed commercial power generation plants, especially for peak times,
geologic storage of natural gas is becoming a necessity.

- Matural Gag
Transmission Lines

Columbia
Basin

Figure 1.1. Natural Gas Supply Lines Serving Eastern Washington and Eastern Oregon
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1.2 Traditional Storage Facilities

In developing traditional storage facilities, natural gas storage operators look for reservoirs that will
accept, hold, and release gas most efficiently. Targeted formations for natural gas storage contain high
porosity and permeability and are well sealed and not overly complex or compartmentalized. Natural gas
storage facilities are usually developed in one of three subsurface settings: depleted natural gas fields,
salt domes, or aquifers. The Pacific Northwest has two existing subsurface, natural gas storage facilities.
The Mist field in the Coast Range of northwest Oregon is an example of a depleted natural gas reservoir
facility. The original Mist field produced natural gas from Eocene sediments. When the natural gas was
depleted, the field was developed into a natural gas storage facility that is currently in operation. The
second Pacific Northwest storage facility, the Jackson Prairie Storage field, is an example of an aquifer
storage type. Itis located along the Interstate-5 corridor in the Challis Basin near Winlock, Washington
(southwest Washington). It was never a source for natural gas, although some natural gas occurs in the
sediments. Because of the favorable geologic structure conditions afforded by an anticline developed in
Eocene marine sediments (like the Mist field), it was developed into a natural gas storage reservoir. East
of the Cascades, similar sediments occur but they are at greater depths, making development of a similar
gas storage facility more costly. However, natural gas occurrences in the Columbia River Basalt Group
(CRBG) of eastern Washington and Oregon suggest that basalt flows might provide natural gas storage
IeServoirs.

1.3 Natural Gas Occurrences in the Columbia Basin

The Columbia Basin, which spans over 164,000 km® of eastern Washington, northern Oregon, and
western Idaho (Figure 1.1), is one of the last frontier provinces for petroleum exploration in the
continental United States. The basin contains up to 4 km of layered Miocene lava flows of the Columbia
River Basalt Group overlying more than 10 km of mid-Tertiary, non-marine arkosic sands (Campbell and
Reidel 1994). In the western part of the basin, these basalt flows have been folded into a series of
anticlines and synclines, some of which extend over 100 km in length and are 1 to 2 km wide.

The Rattlesnake Gas field, a low-pressure, anticlinal trap in the basalts, produced limited quantities
of natural gas in the early 1900s (Figure 1.2). The presence of this gas field, and numerous natural gas
occurrences in groundwater wells within the region, suggested that natural gas is present within and beneath
the Columbia River basalt. To examine the potential of natural gas production for formations below the
basalts, Chevron and Shell drilled a wildcat borehole in 1968 near the Rattlesnake gas field. They
terminated drilling at a depth of 3,250 m below the ground surface, while still in the basalt.

In the late 1970s and 1980s, Shell Western Exploration and Production Company and ARCO actively
investigated the region by drilling eight exploratory boreholes within the basin, and collected many miles
of surface seismic data. Two wells, 1-23 Yakima Minerals and 1-9 BN, produced significant quantities of
natural gas during testing (Campbell and Reidel 1994). One well, the 1-9 BN, also produced a small
amount of condensate, but flared natural gas from the basalt flows during drilling. The six other wells
had small natural gas shows, but no significant sustained gas flow.
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Rattlesnake Mountain

Figure 1.2. Rattlesnake Hills Gas Field in Southcentral Washington

The source bed(s) for the natural gas occurring at the Rattlesnake Hills gas field appears to be coals in
Eocene to Oligocene fluvial sedimentary rocks that underlie the basalt (Johnson et al. 1993; Campbell and
Reidel 1994). These source beds are similar to the formations occurring at the Mist field of northwest
Oregon. Dense flow interior sections of the Columbia River basalt, together with clayey and tuffaceous
sedimentary interbed layers occurring between basalt flows, form effective caprock seals for the deep,
natural gas reservoirs. The high-angle faults in structurally deformed areas are believed to provide
localized vertical pathways of enhanced permeability for the movement of natural gas occurring below
the Columbia River basalt, to overlying zones of accumulation within permeable/porous basalt interflow
zones. Similar localized vertical movement of hydrochemically distinct groundwaters within the basalts
along similar structural features in the region has been noted by DOE (1988), Early et al. (1988), and
Johnson et al. (1993).

Originally, anticlines within the basalt were thought to form structural traps for natural gas. It was
soon realized, however, that these anticlines might be detached from sedimentary rocks underlying the
base of the basalt. Although source rocks and caprocks were known to exist, the underlying sedimentary
reservoir rock and trapping mechanism (as expressed structurally within the overlying basalts) became the
target areas of the earlier exploration activities. The extent of natural gas trapped within basalt interflow
zones was thought to be minor compared to that encountered below the basalt. Recently, the renewed
interest in the Columbia Basin has focused on the natural gas occurring in basalt interflow zones as
exploration targets, which supports the feasibility of managed, natural gas storage within basalts.
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1.4 Purpose, Scope, and Organization of Report

The presence of natural gas and natural gas fields within the basalts indicates a high potential for
development of natural gas storage facilities within selected horizons of the Columbia River Basalt
Group. Several companies have recently initiated exploration programs to assess this potential. How-
ever, a number of factors have slowed the progress of these exploration/feasibility programs. These
factors include: the unconventional aspects of gas storage within basalt, the high cost of exploration
(drilling) activities in basalt, and recent (2001-2002) economic uncertainties within the natural gas market
of the United States.

To assess the potential of developing natural gas storage in basalt aquifers of the Columbia Basin, the
U.S. Department of Energy (DOE) National Energy Technology Laboratory asked Pacific Northwest
National Laboratory (PNNL) to compile existing information pertaining to permeable, groundwater-
producing zones within the CRBG (e.g., hydraulic/storage properties). These zones would be the focus of
natural gas storage. This compilation, together with the authors’ combined >75 years of experience in
basalt studies, provides the basis of a report that can be used as a guide to explore the feasibility of
establishing natural gas storage reservoirs within the CRBG in the Columbia Basin. The report is
designed to provide companies interested in natural gas storage within basalts a detailed framework for
the design and conduct of exploration characterization activities.

The report is organized into eight sections. Sections 2.0, 3.0, and 4.0 provide background information
on the basalt, structures in the basalt and the aquifer systems. Section 5.0 discusses the regulatory
requirements for the development of a natural gas storage facility in basalt. Section 6.0 describes
methods necessary to adequately characterize the basalt, geologic structures, and the aquifer system.
Section 7 provides a summary and conclusions. References are provided in Section 8.0. Appendixes A
through G provide examples, datasets, and details of methodologies discussed in the text. Those readers
interested in a quick overview of the geotechnical issues associated with gas storage in basalt aquifers are
advised to skip to Sections 6.0 and 7.0 and then return to the main body of the report as time and interest
dictate.
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2.0 Stratigraphy, Structural Framework, and Geophysical Studies

An understanding of subsurface physical conditions in the Columbia Basin is fundamental to geologic
storage of natural gas in this area. This section provides a detailed account of our current understanding
of structural, stratigraphic, tectonic, and geomorphic conditions for one of the world’s largest lava flow
fields. The detailed descriptions and linkage to the scientific literature provided in this section are neces-
sary to support drilling and testing permits, facility permits, environmental impact assessments, and
licensing applications as well as for site selection and characterization. Thus, this section serves as the
primary source document for geologic and related information.

2.1 Regional Setting and Geologic History
2.1.1 Setting

The Columbia Basin is an intermontane basin between the Cascade Range and the Rocky Mountains
(Figure 2.1) filled with Cenozoic volcanic rocks and sediments. This basin forms the northern part of the
Columbia Basin physiographic province (Fenneman 1931) and the Columbia River flood-basalt province
(Reidel and Hooper 1989). In the central and western parts of the Columbia Basin, CRBG overlies
Tertiary continental sedimentary rocks that, in turn, overlie the crystalline basement. These rocks are
overlain by late Tertiary and Quaternary fluvial and glaciofluvial deposits (Campbell 1989; Reidel et al.
1989a; Smith et al. 1989; DOE 1988). In the eastern part of the Columbia Basin, a thin (<100 m)
sedimentary unit separates the basalt and underling crystalline basement and a thin (<10 m) veneer of
eolian sediments overlies the basalt (Reidel et al. 1989a).

Beginning in the late 1950s and continuing through the 1980s, deep boreholes were drilled for both
hydrocarbon exploration in the CRBG Columbia Basin and various projects at DOE’s Hanford Site.
These boreholes provided detailed data on the CRBG rocks and the underlying pre-basalt sediments
(Reidel et al. 1994, 1998). The thickness of the basalt and the pre-basalt sediments was found to vary as
a result of different tectonic environments. The western edge of the late Precambrian/early Paleozoic
continental margin and Precambrian North American craton is shown in Figure 2.2. The stratigraphy on
the craton consists of Columbia River Basalt Group rocks overlying crystalline basement; the crystalline
basement is continental crustal rock typical of that which underlies much of western North America. The
stratigraphy west of the craton consists of 4 to 5 km of CRBG rocks overlying more than 6 km of Eocene
and Oligocene sediments. This in turn overlies accreted terranes of Mesozoic age.

The Columbia Basin includes two structural subdivisions or subprovinces: the Yakima Fold Belt
and the Palouse Slope (Figure 2.1). The Yakima Fold Belt includes the western and central parts of the
Columbia Basin and consists of a series of anticlinal ridges and synclinal valleys with northwest to
southeast structural trends. The Palouse Slope is the eastern part of the basin and is the least deformed
subprovince with only a few faults and low amplitude, long wavelength folds on an otherwise gently
westward dipping paleoslope (Swanson et al. 1980). The Yakima Fold Belt overlies rock west of the
craton, and the Palouse Slope overlies the craton.
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Figure 2.1. Setting and Extent of the Columbia River Basalt Group in the Pacific Northwest
Columbia Basin

The Blue Mountains subprovince (Figure 2.1) of the Columbia River flood-basalt province forms the
southeastern boundary of the Columbia Basin. The Blue Mountains is a northeast-trending anticlinorium
that extends 250 km from the Oregon Cascades along the southeastern edge of the Columbia Basin. It
overlies the accreted terrane rock assemblages and Eocene and Oligocene volcaniclastic rocks.

2.2 Stratigraphy

The generalized stratigraphy of the Columbia Basin is summarized in Table 2.1. The main rocks
exposed in the basin are the Columbia River Basalt Group, intercalated sedimentary rocks of the Ellensburg
Formation, and younger sedimentary rocks that include the Ringold Formation, Snipes Mountain conglom-
erate, the Thorp gravels, Pleistocene cataclysmic flood deposits of the Hanford formation, and other localized
strata.
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Table 2.1. Characteristics of Stratigraphic Units

Unit Age Thickness Distribution Lithology Stratigraphic Trends Tectonic Implications
Columbia River |17 Ma | As much as Extent defines the Tholeiitic flood- Older, more voluminous units | Records stability in the
Basalt Group to 4.0 km in central | Columbia Basin basalt flows cover entire area; younger, eastern Columbia Basin,
(Reidel and 6 Ma Columbia Basin thinner units occur in eastern | subsidence in the central and
Hooper 1989) and central Columbia Basin western basin, and Miocene

uplift of anticlinal ridges
Upper Ellensburg | 10 Ma | As much as Nile, Selah, Yakima, | Basalt sidestream Volcaniclastic sediments Shifting channel deposits
Formation (Fecht | to 350 min Kittitas, Satus, and gravels, lahars, and | common in west; siliciclastic | reflect displacement of river
et al. 1987; Smith | 4.7 Ma | Yakima Basin Toppenish Basins; volcaniclastic sedi- | sediments in east; gravels course caused by ridge uplift
1988) also in Goldendale ments derived from | record channel system and basin subsidence, espe-
area Cascade Range, positions cially in the Yakima River
siliciclastics depos- and Columbia River
ited by Columbia southwest of Pasco Basin
River
Snipes Mountain | 8.5 to 30to 150 m Lower Yakima valley | Quartzose gravel and | Linear channel tracts from Records Columbia River
Conglomerate <8.5 Ma and across western siliciclastic sands; Sunnyside Gap up Moxie and | course prior to diversion into
(Schminke 1964; Horse Heaven Hills; | interbedded volcani- | Yakima valleys and then Pasco Basin
Fecht et al. 1987, also east Toppenish | clastic sediments across Horse Heaven Hills to
Smith 1988) Basin common in eastern | Goldendale area
Toppenish Basin
Ringold Forma- |<8.5 Ma | As much as Pasco Basin, north Fluvial gravels and | Gravelly alluvial tracts mixed | Records initial post-CRBG
tion (Fechtetal. |[to<3.4 |[185m side of Saddle sands, overbank with basin-wide overbank Columbia River deposits in
1987; Lindsey Ma Mountains, and Walla | deposits, lacustrine | systems dominate lower part | Pasco Basin; shifting channel
1991a, b) Walla Basin deposits, and alluvial | of section; sharply overlain by | courses reflect syndeposi-

fan deposits

a sandy alluvial system that
grades up-section into cyclic
lacustrine deposits

tional uplift on basin mar-
gins; large lakes reflect
regional changes in river
gradients
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Table 2.1. (contd)

Unit Age Thickness Distribution Lithology Stratigraphic Trends Tectonic Implications
Lake deposits <47+ |>30m Lower Yakima valley | Laminated silts and | Equivalent to upper Ellens- Large lakes formed as a
overlying Snipes | 0.3 Ma near Sunnyside and fine-grained burg Formation; laterally result of regional gradient
Mountain Cgl. Granger and on sandstone correlative with upper changes
(Smith 1988) Ahtanum Ridge Ringold lake deposits(?)
Thorp Gravel 3.7+ Up to 200 m Kittitas Basin, Selah Basaltic sidestream | Old terraces of the Yakima Records uplift and erosion of
(Waitt 1979; 0.2 Ma Basin, and south into | gravels and poly- River Cascades and Yakima folds
Bentley and to Yakima Basin as far as | mictic mainstream
Campbell 1983; |<3.64 Toppenish gravels deposited as
Campbell 1983; | +0.74 an alluvial wedge off
Fecht et al. 1987; the Cascades
Smith 1988)
Pliocene- <3.5to |Upto 10 m Regional distribution | Pedogenic Unconformably overlies Deposited after post-3.5-Ma
Pleistocene strata | ~ 1 Ma in basins and on carbonates, basaltic | middle Pliocene and older base level change that led to
(DOE 1988; uplifts alluvium, eolian (>3.5 Ma) strata; discon- regional incision of main
Baker et al. deposits, and tinuous horizons in and rivers; also records more
1991) multilithologic around basins and uplifted on | recent uplift of anticlinal
quartzose gravels ridges ridges
Hanford <l Ma |Upto70m Pasco Basin, Pebble-to-boulder Common throughout region Strata locally offset by faults
formation (Fecht |to ~12 Toppenish Basin, gravel, sand, and below elevations of recording Pleistocene
et al. 1987; Baker | Ka Yakima Basin, Walla | laminated silts approximately 400 m deformation
et al. 1991) Walla Basin deposited by cata-
clysmic flood waters
released from glacial
Lake Missoula
Quaternary <2Ma |0to75m Regional Locally derived Laterally discontinuous strata | Folded and faulted deposits
alluvium (Baker alluvial and colluvial | common on basin margins and | record neotectonic deforma-
etal. 1991) deposits on uplifted ridges tion in region




2.2.1 Stratigraphy Older than the Columbia River Basalt Group

Rocks older than the CRBG are only exposed along the margin of the Columbia Basin. Stratigraphy
along the margin of the CRBG is complex and varies widely in both age and lithology (Campbell 1989). A
series of sedimentary basins formed along the northwest margin in early Tertiary time (Tabor et al. 1984;
Campbell 1989). Tectonic “blocks” or uplifts exposing pre-Tertiary rocks that have a northwest-trending
structural grain now separate these basins (Figure 2.2).

Along the northeast and east margins of the Columbia Basin, the CRBG laps onto Paleozoic rocks and
Precambrian metasedimentary rocks interspersed with crystalline rocks. These include Proterozoic metasedi-
ments of the Windermere and Belt Supergroups, miogeosynclinal lower Paleozoic shallow marine rocks,
rocks associated with the Kootenay Arc, granitics of the Idaho Batholith, and other Jurassic and Cretaceous
intrusions (Stoffel et al. 1991). The structural grain of these rocks is north to northeast.

To the south and southwest, lower to middle Tertiary volcanic rocks and related volcaniclastic rocks
directly underlie the CRBG. The rocks include tuffs, lahars, and tuffaceous sedimentary rocks interbedded
with rhyolite, andesite, and basalt flows and breccias; these are primarily assigned to the Clarno and John Day
Formations. Older (Cretaceous-Permian) volcaniclastic sediments and metasediments of accreted intraarc- and
volcanic arc-origin are exposed along the southeast margin of the CRBG (Walker and MacLeod 1991).

To the west, younger volcanic rocks erupted from the High Cascades cover the CRBG and obscure older
rocks. Rare inliers of older accreted Paleozoic and Mesozoic rocks, such as the Rimrock inlier, are exposed
below those rocks.

Only those sedimentary rocks associated with the northwest margin of the CRBG are thought to be
present under the interior of the Columbia Basin. However, units exposed along the north, east, and south
margins of the CRBG probably contributed to the sedimentary package because they were extensively eroded
by westward flowing rivers (Fecht et al. 1987b) and their deposits accumulated in the subsiding western part
of the basin.

2.2.2 Stratigraphy Younger than the Columbia River Basalt Group

Most post-CRBG sediments are confined to the synclinal valleys of the Yakima Fold Belt, which reflect
the structural development of the Columbia Basin (Fecht et al. 1987). The upper Miocene to middle Pliocene
record of the Columbia River system in the Columbia Basin is represented by the upper Ellensburg Forma-
tion, the Ringold Formation, and the Snipes Mountain Conglomerate (Table 2.1). The Thorp Gravel time
(4.1 Ma), river terrace deposits, record the post-CRBG history of the upper Yakima River (Waitt 1979;
Campbell 1983). Except for local deposits (for example, the “Pliocene-Pleistocene unit” and the “early
Palouse soil” [DOE 1988]), there is a hiatus in the stratigraphic record between the end of the Ringold
(3.4 Ma), Thorp Gravel (4.1 Ma), and the Pleistocene (1.6 Ma). Pleistocene to Recent sediments overlying
the CRBG include flood gravels and slackwater sediments of the Hanford formation, terrace gravels of the
Columbia, Snake, and Yakima rivers, and eolian deposits including the Palouse Formation (Keroher 1966) in
eastern Washington.
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2.2.3 Stratigraphy of the Columbia River Basalt Group

The CRBG forms the bedrock framework for the Columbia Basin. The CRBG flows cover most of
eastern Washington, northeast Oregon, and portions of western Idaho. Individual flows typically extend
over many tens of thousands of square kilometers. Flows of the Saddle Mountains Basalt are exposed at
the surface, with underlying flows of the Wanapum and Grande Ronde Basalts mainly in the subsurface.
Intercalated with, and in some places overlying, the CRBG are epiclastic and volcaniclastic sedimentary
rocks of the Ellensburg Formation (Waters 1961; Swanson et al. 1979b; Smith 1988). Most volcaniclastic
material occurs in the western basin; in the central and eastern basin, epiclastic sediments of the ancestral
Clearwater and Columbia rivers form the dominant lithologies (Fecht et al. 1982, 1987).

The CRBG consists of a thick sequence of about 300 continental tholeiitic flood-basalt flows that
were erupted over an 11-million-year period from about 17 to 6 Ma (Figure 2.3; Swanson et al. 1979¢).
These flood-basalt flows cover more than 200,000 km” in Washington, Oregon, and western Idaho
(Figure 2.1) and have a total estimated volume of more than 224,000 km® (Camp and Ross 2000). The
source for these flows was a series of north-northwest-trending linear fissure systems located in eastern
Washington, eastern Oregon, and western Idaho (generally within the Palouse subprovince of Figure 2.1).

Although the eruption of CRBG flows spans an 11-million-year period, the majority of the CRBG
(>96 volume percent) was erupted over a period of about 2.5 million years, between 17 to 14.5 Ma
(Swanson et al. 1979c¢) (Figure 2.4). During this peak period of activity, many flows that were erupted
were of extraordinary size, exceeding 2,500 km® in volume, and traveled many hundreds of kilometers
from their vent system.

2.2.3.1 Stratigraphic Subdivisions of the Columbia River Basalt Group

Detailed study and mapping of the Columbia River flood basalts have demonstrated that significant
variations in lithological, geochemical, and paleomagnetic polarity properties exist between flows (and
packets of flows), which has allowed for the establishment of stratigraphic units that can be reliably
identified and correlated on a regional basis (e.g., see Swanson et al. 1979¢c; Beeson et al. 1985; Reidel
et al. 1989b). Figure 2.3 presents the current stratigraphic nomenclature for the CRBG. Based on these
abilities to recognize the flows, the CRBG has been divided into five formations (Swanson et al. 1979c¢):
Imnaha, Grande Ronde, Picture Gorge, Wanapum, and Saddle Mountains Basalt.

Figure 2.5 is a geologic map showing the Columbia River Basalt Group units exposed at the surface,
based upon distribution maps for each unit (Figure 2.3) shown in Appendix G and provides methodology
for identifying basalt flows. Figure 2.6 shows the thickness of the entire CRBG, and Figure 2.7 shows a
cross-section through the most voluminous formation, the Grande Ronde Basalt. The cross-section
demonstrates that the greatest thickness of basalt occurs in the center of the Columbia Basin in the Pasco
Basin.
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Figure 2.4. Volume of Columbia River Basalt Group Eruptions Over Time

2.3 Major Internal Basalt Flow Features

Intraflow structures are primary, internal features or stratified portions of basalt flows exhibiting
grossly uniform macroscopic characteristics. These features originate during the emplacement and
solidification of each flow and result from variations in cooling rates, degassing, thermal contraction, and
interaction with surface water. They are distinct from features formed by tectonic processes. Appendix A
contains a catalog of Columbia River Basalt flow features described below. The hydraulic properties for
intraflow structures are described in Section 3.2.

Columbia River Basalt Group flows typically consist of a permeable flow top, a dense, relatively
impermeable flow interior, and a flow bottom of variable thickness (Figure 2.8; DOE 1988). Figure 2.8
depicts the types of intraflow structures that are typically observed in a basalt flow; most flows do not
show a complete set of these structures. Sedimentary layers (interbeds) and basalt intraflow zones
(vesicular flow tops, brecciated flow tops, basal pillow complexes, and basal breccia zones) serve as the
primary aquifers in the region, while dense flow interiors commonly act as aquitards. The contact zone
between two individual basalt flows (i.e., between a flow top and overlying basalt flow bottom) is
referred to as an interflow zone.
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Figure 2.5. Geologic Map of the Columbia River Basalt Group. (a) Geologic

map showing individual units. (Appendix G provides an explanation
for each unit using youngest to oldest distribution maps.) (b) Distri-
bution of Five Formations of the Columbia River Basalt Group.
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Figure 2.8. Major Basalt Flow Features of a Columbia River Basalt Group Lava Flow

2.3.1 Flow Top

The flow top is the chilled, glassy upper crust of the flow. It may consist of vesicular to scoriaceous
basalt, displaying pahoehoe, or aa characteristics, or it may be rubbly to brecciated (Waters 1960; Diery
1967; Swanson and Wright 1981), as described on the next page. Typically, the flow top comprises

approximately 10% of the thickness of a flow; however, it can be as thin as a few centimeters or occupy
almost the entire flow thickness.

e Pahoehoe. Pahochoe flow top is a type of lava flow that has a glassy, smooth, and billowy or
undulating surface. Almost all CRBG flows are classified as pahoehoe. The surface is referred to as
ropy.
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e Aa. An aa lava flow is one that has a rough, fragmented surface. It is blocky lava consisting of
scoria. CRBG lavas are not considered to be aa lava flows. The closest similarity is the rubbly to
brecciated flow top.

¢ Rubbly to brecciated flowtop. Flow top breccia occurs as a zone of angular to subrounded, broken
volcanic rock fragments that may or may not be supported by a matrix and is located adjacent to the
upper contact of the lava flow. An admixture of vesicular and nonvesicular clasts bound by the
original glass often characterizes the breccia zone. The percentage of the breccia to rubbly surface is
typically less that 30% but locally can be as much as 50% of the flow. This type of flow top usually
forms from a cooled top that is broken up and carried along with the lava flow before it ceases
movement.

2.3.2 Flow Bottom

The basal part of a Columbia River basalt lava flow is predominantly a glassy, chilled zone a few
centimeters thick that may be vesicular. Where basalt flows encounter bodies of water or saturated
sediments, the following features may occur:

o Pillow-palagonite complexes. Discontinuous pillow-shaped structures of basalt formed as basalt
flows into water. The space between the pillows is usually composed of hydrated basaltic glass
(palagonite) and hyaloclastite.

o Hyaloclastite complexes. These are deposits resembling tuff and form when basalt shatters as it
flows into water.

e Foreset bedded breccias. These form as basalt flows into water and build out their own delta.
Hyaloclastite and pillow-palagonite complexes usually compose the foreset beds.

o Peperites. Breccia-like mixture of basalt (or hyaloclastite or palagonite) and sediment. Forms as
basalt burrows into sediments, especially wet sediments.

e Spiracles. A fumarolic vent-like feature that forms due to a gaseous explosion in fluid lava that
flows over water-saturated soils or ground.

Typically, many thick flow bottoms observed within CRBG flows are associated with pillow-

palagonite zones. Pillow-palagonite zones have been observed that are greater than 23 m thick and
constitute more than 30% of the flow.

2.3.3 Flow Interior

Within the interior of a basalt flow, the predominant intraflow structures are zones characterized by
patterns of cooling joints. These are commonly referred to as colonnade and entablature (Tomkeieff
1940).
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The colonnade consists of relatively well-formed polygonal columns of basalt, usually vertically
oriented and typically 1 m in diameter or larger (some as large as 3 m have been observed). Colonnade,
as defined by Tomkeieff (1940), occurs in the basal portion of flows. In CRBG flows, the colonnade can
make up the entire flow thickness, or there may be one or more colonnades present that are tiered with
entablatures.

Entablature is composed of irregular to regularly jointed, small columns frequently less than 0.5 m in
diameter. Entablature columns are commonly fractured into hackly, fist-size fragments that can mask the
columnar structure. Entablatures typically display a greater abundance of cooling joints than do colon-
nades. Entablature columns can be oriented vertically, exhibit regular patterns such as rosettes and fans,
or appear completely disordered. Flows at a few localized occurrences in the Columbia Basin have been
observed to consist wholly of entablature (Waters 1960).

2.3.4 Other Internal Features

Other intraflow features observed within the interior of Columbia River basalt lava flows include the
following:

e Vesicle pipes and cylinders. Vesicle pipes and cylinders are cylindrical zones of gas bubbles that
form as gas evolves from that lava and rises toward the top of the flow. The difference between pipes
and cylinders is in size; cylinders are larger, but there is no size break. Vesicle cylinders, pipes, and
sheets usually occur in relatively thin flows (5-30 m) composed mainly of colonnades and flow tops.

¢ Vesicle sheets. Vesicle sheets are horizontal to subhorizontal layers of vesicles. They typically are
fed by vesicle cylinders and form below the solidification front. Vesicle zones within the interior of
thicker flows can be thin (centimeters to meters thick) and can be laterally continuous, sometimes for
kilometers.

e Vesicle zones. Vesicle zones are usually thicker than vesicle sheets but probably form in much the
same way. Vesicle zones can be up to several meters thick and are typically located in the dense
interior of a lava flow.

e Laminae or dispersed diktytaxitic vesiculation. Diktytaxitic vesiculation or interstitial
microvesiculation with crystal linings can occur anywhere within a CRBG flow, but is most
prominent in thin flows.

o Platy fracturing. Platy fracturing consists of zones of horizontal to subhorizontal, anastomosing
joints across columns. Vertical to near-vertical curvilinear fractures are commonly observed in the
field but are not easily recognized during drilling. This phenomenon is thought to have formed by
stress release as weathering or other processes remove rock from above.

e Lava tubes. Lava tubes have not been observed in CRBG flows. This is because the flows were

emplaced as sheets and were not tube fed as Hawaiian flows are. However, locally tube-like features
have been observed but typically do not extend great distances.

2.14



e Sag flowouts. Sag flowouts are described as localized zones of a complex tier of colonnades and
entablatures with some isolated flow-top material occurring below the top of the flow. A sag flowout
is thought to have formed as the result of lava draining from a partly solidified flow leaving room for
vesiculation to occur at the top of the remaining liquid.

2.3.5 Cooling Joints

Cooling joints are ubiquitous features in CRBG flows and form during solidification of the flows.
The cooling joints form the columns of the entablature and colonnade, subdivisions of columns and zones
of irregular blocks. Cooling joints result from tensional stress in response to contraction of solidified
portions of a flow as it cooled below the solidius (Spry 1962).

Cooling joints are distinct from secondary tectonic fractures such as faults, shear zones, and joint sets.
These secondary features are distinguishable by their appearance and occurrence. Tectonic fractures
typically occur as parallel to subparallel, closely spaced fractures. They often have breccias and clay
minerals associated with them and can often be recognized by offsets or repeats in the stratigraphy
(Appendix C). Such differences can be recognized in exposure but are difficult to detect in borehole data.

Frequency and spacing of joints measured in outcrops indicate that typical frequencies range from
1 to 37 joints per meter, with entablatures showing a greater number of joints per meter than colonnades.

The spacing of cooling joints (number of meters per fracture) appears to follow a log normal distribu-
tion for groups of cooling joints with similar attitudes. Figure 2.9 from Meints (1986) shows a histogram
(Figure 2.9a) and a cumulative distribution function (Figure 2.9b) for cooling joint spacing for high-angle
joints from an exposure of the Rocky Coulee flow of the member of Sentinel Bluffs (Figure 2.3). Meints
(1986) found spacing of cooling joints to be highly variable both between flows and within flows, so they
cannot be used to differentiate flows, intraflow structures, or even localities that are not close together.

Cooling joint widths average between 0.1 and 0.3 mm. Histogram plots of cooling joint widths show
that the distribution of widths is not symmetrical but is skewed with the smaller widths more common
than larger widths.

Of the 1,454 cooling joints logged in drill core for the flows of the member of Sentinel Bluffs, 83%
were completely filled with secondary minerals and at least 17% were partly filled (DOE 1988). The vast
majority of unfilled or partly unfilled cooling joints were smaller in width than 0.3 mm. Clay is the
predominant infilling type, followed by silica and zeolite.

2.3.6 Intraflow Structure Variation
Intraflow structures can be continuous for great distances, but the thickness of intraflow structures is
often highly variable. Lateral variations can occur gradually in some cases and very abruptly in others.

The primary factor that appears to control changes is the environment where the feature formed. Studies
in the central Columbia Basin (DOE 1988) showed that lateral changes in the member of Umtanum
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(Figure 2.3 and Appendix G), which has a rubbly to brecciated flow top, extremely thick entablature, and
very thin colonnade, occur over relatively short distances. However, studies on the McCoy Canyon flow
of the member of Sentinel Bluffs (Figure 2.3 and Appendix G), which has a normal flow top with a thick
entablature and thick colonnade, displays gradual changes with distance.

The composition of the paleo-ground surface, and whether it is wet or dry, is an important environ-
mental consideration (Swanson and Wright 1981). A dry basalt flow top has the least impact and results
in gradual changes in intraflow textures with distance. In contrast, wet sediment may be the cause of
rapidly changing intraflow structure thickness. Wet sediments can reduce the temperature of the lava and
increase its relative viscosity. The outward morphology of flows that advanced across wet sediments
commonly resembles that of a compound flow, but the individual lobes are of much greater size (10 to
>30 m thick); the larger lobes (>15 m thick) often display a complex internal jointing pattern, which
suggests lava was injected into the lobes (inflated) even after the flow came to rest.

2.4 Regional Geologic Structures

2.4.1 Introduction
Major geologic features that underlie the Columbia Basin are exposed along the west and north margin of

the Columbia Basin. Major structures along the western margin have been mapped by Campbell (1988,
1989) and Tabor et al. (1984); those along the north margin have been compiled by Stoffel et al. (1991). All
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these features are older than the CRBG, but it is not clear how many of these extend under the CRBG or how
far they extend under the basalt. Those structural features that we consider important to the Columbia Basin
and are known to extend into or cross the Columbia Basin, interior, are summarized below.

2.4.2 The Olympic-Wallowa Lineament

The Olympic-Wallowa lineament (OWL) is a major topographic feature in Washington and Oregon that
crosscuts the Columbia Basin (Raisz 1945). This feature parallels prebasalt structural trends along the north-
west margin of the Columbia Basin, but it has not been linked to any individual structure (Campbell 1989;
Reidel and Campbell 1989). Within the Yakima Fold Belt, the OWL includes a zone of Miocene and post-
Miocene deformation along Manastash Ridge and apparent bending of Umtanum Ridge, Yakima Ridge, and
Rattlesnake Mountain (Figure 2.2).

The portion of the OWL that crosses the Columbia Basin is called the Cle Elum-Wallula (Figure 2.2)
deformed zone (CLEW; Kienle et al. 1977). Itis a 10-km-wide, moderately diffuse zone of anticlines that
have a N50°W orientation. As defined by Davis (1981), the CLEW consists of three structural parts: 1) a
broad zone of deflected or anomalous fold and fault trends extending south from Manashtash Ridge to
Rattlesnake Mountain, 2) a narrow belt of topographically aligned domes and doubly plunging anticlines
extending from Rattlesnake Mountain to Wallula Gap (RAW), and 3) the Wallula fault zone, extending from
Wallula Gap to the Blue Mountains.

Northwest of the CRBG margin, numerous northwest- and north-trending faults and shear zones of the
Straight Creek fault system (Figure 2.2) lie subparallel to the OWL (Tabor et al. 1984). The Snoqualmie
batholith intrudes these faults but is not cut by them, indicating that any possible movement along the OWL
at the western margin of the Columbia Basin must be older than the batholith, 17 to 19.7 Ma (Frizzell et al.
1984).

The structural significance of the OWL has been called into question by two recent geophysical studies.
Neither a seismic profiling survey by Jarchow (1991) nor a gravity survey by Saltus (1991) could find any
obvious geophysical signature for the OWL below the CRBG.

2.4.3 Hog Ranch-Naneum Ridge Anticline

The Hog Ranch-Naneum Ridge anticline is a broad, south-trending anticline in the CRBG that crosses
the Yakima Fold Belt at a high angle (Hog Ranch-Naneum anticline, Figure 2.2). The anticline begins at
the north basalt margin on the continuation of the Stuart Block (Figure 2.2) southwest of Wenatchee,
trends southeast for about 12 km, and then turns south toward Prosser, Washington, where it separates the
Toppenish Basin on the west from the Pasco Basin on the east. This south-plunging structure passes through
five Yakima folds and the OWL. A gravity gradient and a series of gravity highs delineate part of the
subsurface. The southern extension of the anticline appears to be a Bouguer gravity high near the
Washington/Oregon border southeast of Prosser.

The Hog Ranch-Naneum Ridge anticline was active in late to middle Miocene as demonstrated by
thinning of basalt flows across it (Reidel et al. 1989a), but the east-trending Yakima folds show no apparent
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offset by the cross structure (Campbell 1989; Tabor et al. 1982; Kienle et al. 1977; Reidel et al. 1989b), nor is
the Hog Ranch-Naneum Ridge anticline offset where the OWL-CLEW crosses it. Growth of the Hog Ranch-
Naneum Ridge anticline continued from the Miocene to Recent and is now marked by the highest structural
points along the ridges that cross it.

2.4.4 White River-Naches River Fault Zone

The White River-Naches River Fault Zone (Figure 2.2), a major fault zone that extends 90 km from
Naches to Enumclaw, Washington, separates two domains of dissimilar structure, stratigraphy, and topo-
graphy (Campbell 1988, 1989). To the northeast, structures strike N60°W; to the southwest, structures in
pre-Tertiary rocks trend N5°E to N20°W. The White River-Naches River Fault Zone probably extends under
the basalt at least as far as 20 km and may crosscut the Hog Ranch-Naneum Ridge anticline. The White
River-Naches River Fault Zone is the major structure trending into the Columbia Basin that can be demon-
strated to be a fundamental structural boundary in rock below the CRBG (Reidel et al. 1994).

2.4.5 Leavenworth Fault Zone

The Leavenworth Fault Zone is a series of northwest-trending high-angle faults and associated tight folds
that mark the southwest side of the Chiwaukum Graben (Figure 2.2). Near the margin, the fault passes under
the CRBG in alignment with the Hog Ranch-Naneum Ridge anticline. The Leavenworth Fault is assumed to
continue under the basalt along the Hog Ranch-Naneum Ridge anticline and to have been a factor in the
development (Campbell 1989).

2.4.6 Other Structures Marginal to the Columbia Basin

Other major structures, including the Entiat Fault, Methow, Republic, and Keller Grabens, and numerous
faults associated with the Kootenay Arc (Figure 2.2) appear to die out, or the magnitude of the structure signi-
ficantly reduced, before reaching the basalt margin. A series of northeast-trending folds near Badger Moun-
tain anticline, Washington, are aligned with the Republic Graben and may be related to that structural trend.

2.4.7 Northwest-Trending Wrench Faults

A series of northwest-trending, dextral strike-slip wrench faults occurs in the CRBG west of the Pasco
Basin (Newcomb 1969, 1970; Kienle et al. 1973; Bentley et al. 1980; Swanson et al. 1979b, 1981; Anderson
1987). They consist of a series of conjugate and en echelon faults with genetically related en echelon folds
that have a mean strike of N30-40°W. Many of these faults can be traced for more than 100 km, but do not
extend beyond the CRBG. These wrench faults cross and offset several Yakima folds, but the total dis-
placement appears to be less than several hundreds of meters.

2.4.8 The Yakima Folds and the Yakima Fold Belt

The Yakima Fold Belt subprovince covers about 14,000 km? of the western Columbia Basin (Figure 2.1)
and formed as basalt flows and intercalated sediments were folded and faulted under north-south directed
compression. The reader is referred to Tables 2.2 and 2.3, and the plate in Reidel and Hooper (1989)
showing a compilation of structural features for the Columbia Basin.
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Table 2.2. Characteristics of Major Anticlinal Ridges
Segment Amount of
Length Shortening
Maximum (x=mean; 6= 1 Vergence (NK = not
Length/ amplitude Number of standard (South = south known; best
Anticline Width (km) (m) Trend (°) | Segments deviation) N = north) approx) Geometry
Beezley Hills-Coulee | 160/5 430 230 4 x=40 6=20 S NK; <2 km Asymmetrical, monoclinal
R=30-70
Badger Hills-Moses | 50/5-15 300 220 1 o N NK; <2 km Asymmetrical, monoclinal
Stool
Frenchman Hills 100/5-10 200 90 - 100 7 x=14 6=10 N NK; <2 km Asymmetrical, gentle to open
R=7to 35
Saddle Mountains 110/5-10 550 90 - 115 6 x=14 c=10 N >3 km Asymmetrical, gentle to open, box
R=5 1020 fold
Manastash Ridge- 55/5-10 370 120 4 x=12 6=2.5 N NK; >3 km Asymmetrical, gentle to open,
Thrall structure R=10to 15
Umtanum Ridge 110/3-10 520 90 - 130 9 x=11 6=4.2 N 1-3 km Asymmetrical, tight to open, en
R=51t017 echelon segments on east end
Cleman Mountain 35/8 950 130 2 x=18 6=8 S NK; >1 km Asymmetrical
R=13t0 23
Yakima Ridge 100/5-10 550 135-225 12 x=12 =8 N NK; >3 km Asymmetrical, gentle to open, en
R=5t0 30 echelon segments, box fold
segments
Rattlesnake Mtn. and | 85/5-20 800 310 11 x=9 6=6 N NK; >3 km Asymmetrical, tight to open,
“rattles” R=5-25 faulted out hinge doubly plunging
Rattlesnake-Ahtanum | 100/5-8 610 238 - 108 11 x=9 6=4 N NK; >1 km Asymmetrical, gentle to open
Ridge R=51t018
Toppenish Ridge 85/4-8 500 118 -258 5 x=17 6=7 N NK; >1 km Asymmetrical, tight to open
R=10to0 28
Snipes Mountain 13/1 150 110 3 13 km S NK; <1 km Asymmetrical, tight to open
Horse Heaven Hills 185/5-30 E; | 335-1100 | 115-255 21 x=17 6=5 N >2 km; (0.67 to | Asymmetrical, tight to open, en
2-TW R=5t0 20 1.25 km, 117% echelon subsidiary crest folds, box
from folding) folds
Columbia Hills 170/5-10 250-365 255 10 x=15 6=6 S NK; >2 km Asymmetrical, tight to open doubly
R=6-23 plunging, en echelon subsidiary
crest folds, box folds




Table 2.3. Characteristics of Major Faults

faults

Horizontal | Vertical Offset
Length Offset (NK= | (NK=unknown; | Dip and Fault Age of Last
Fault Zone (km) | Trend (°) | unknown) best approx.) Direction Movement

CLEW 290 310 0-4 km 0-800 m Reverse Quaternary

RAW (includes 125 310 0-4 km 0-800 m Reverse Quaternary

Wallula Fault zone)

Hite Fault system 135 | 330-335 NK NK; 0-900 m | Vertical, en Recent 1936
echelon, and Milton-Freewater
strike-slip earthquake

Frenchman Hills 100+ | 270-280 >300 m ~200 m >45° S >500,000 yr

Saddle Mountains 100 | 270-285 >2.5 km 600 m >60° S >3.4 Ma

Manastash-Hansen 70 300 <1 km ~300 m Reverse-thrust | >1-3.4 Ma

Creek

Umtanum 110 | 270-310 >300 m 1500 m 30-70° S 13,000 yr

Cleman Mountain 20? 310 NK ~900 m Reverse-thrust | Unknown
N

Yakima Ridge 120+ | 225-545 NK ~500 m Reverse-thrust | <1 Ma

E S, locally N

Rattlesnake-Ahtanum | 100 | S58 W to NK ~800 m Reverse-thrust | >13,000 yr

Ridge 315 S

Toppenish Ridge 65-90 | 258to NK ~500 m Reverse-thrust | Recent; see

298 W S Campbell and
Bentley (1981)
Horse Heaven Hills 200+ | 245to NK ~335-1100 m | Reverse-thrust S | Unknown
295 W
Columbia Hills 160 245 NK; >1 km ~365 m 70° N Unknown
Northwest-trending 40-120 340 <100 m <100 m Strike-slip, Holocene

vertical (dip
reversal)

Most of the present structural relief in the Columbia Basin has developed since about 10.5 Ma when the
last massive outpouring of lava, the Elephant Mountain Member, buried much of the central Columbia Basin.
The main deformation is concentrated in the Yakima Fold Belt; there is only minor deformation on the

Palouse Slope. Almost all the present structural relief exposed at the surface is post-CRBG.

The Yakima Fold Belt consists of narrow anticlinal ridges separated by broad, synclinal valleys. The
anticlines and synclines are typically segmented, and most have north vergence. However, some anticlines
such as the Columbia Hills, Cleman Mountain, and a few segments of some other ridges, have a south
vergence. Fold length ranges from 1 km to over 100 km; fold wavelengths range from several kilometers to
as much as 20 km (Table 2.3). The folds are segmented by crosscutting faults and folds (Reidel 1984; Reidel
et al. 1989a). Structural relief is typically less than 600 m but varies along the length of the fold. The greatest
structural relief along the Frenchman Hills, the Saddle Mountains, Umtanum Ridge, and Yakima Ridge
occurs where they intersect the north-trending Hog Ranch-Naneum Ridge anticline (Figure 2.2).
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Anticlines in the southwest part of the Yakima Fold Belt, southwest of the CLEW, generally have NS0°E
trends (Swanson et al. 1979c: Reidel et al. 1989a) (Figure 2.2). Anticlines in the central part have east trends
except along the CLEW where a N50°W trend predominates. The Rattlesnake Hills, Saddle Mountains, and
Frenchman Hills have overall east trends, but Yakima Ridge and Umtanum Ridge change eastward from east
to N50°W in the CLEW. The Horse Heaven Hills, the N50°W trending Rattlesnake Hills, and the Columbia
Hills abruptly terminate against the CLEW.

Although rarely exposed, nearly all the steep forelimbs of the asymmetrical anticlines are faults.
These frontal fault zones (Figures 2.10 and 2.11) typically consist of imbricated thrusts (Bentley 1977;
Goff 1981; Bentley in Swanson et al. 1979b; Hagood 1986; Reidel 1984, 1987; Anderson 1987) that are
emergent at ground surface. Near the ground surface, the thrust faults merge into the shallow dipping surface
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of the basalt (Reidel 1984). Where erosion provides deeper exposures, these frontal faults are steep reverse
faults [e.g., 45°S in the Frenchman Hills at the Columbia River water gap, (Grolier and Bingham 1971) and
50-70° north in the Columbia Hills at Rock Creek, Washington (Swanson et al. 1979¢)].

Hydrocarbon exploration boreholes provide direct evidence for the dips of these frontal faults. Reidel
et al. (1989a) have shown that the Saddle Mountains fault must dip more than 60° where the Shell-ARCO
1-9 BN borehole was drilled (Figure 2.12; see Appendix C, Figure C.19). Drilling of the Umtanum fault near
Priest Rapids Dam (PSPL 1982) suggests that this fault dips southward under the ridge with a dip of at least
30° to 40° (PSPL 1982) but perhaps as high as 60° (Price 1982; Price and Watkinson 1989).

Although it is difficult to assess, total shortening increases from east to west across the Yakima Fold Belt.
At about 120° longitude, it is estimated to be between 15 km and 25 km (Reidel et al. 1989a), or about 5%
(Table 2.3). Typically, shortening on an individual anticline as a result of folding is approximately 1 to
1.5 km. The amount of shortening on faults expressed at the surface is generally unknown. Estimates range
from several hundreds of meters to as much as 3 km (Table 2.3).

Synclines in the Yakima Fold Belt are structurally low areas formed between the gently dipping limb of
one anticline and the steeply dipping limb of another where that limb was thrust up onto the gently dipping
limb of the neighboring anticline (Figure 2.11). Few synclines within the Yakima Fold Belt were formed by
synclinal folding of the basalt.
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2.4.9 Tectonic Brecciation and Shearing

Tectonic breccia and shear zones are common in geologic structures in the CRBG (Price 1981;
Gardner et al. 1981; Goff 1981; Reidel 1984; Barsotti 1986; see Appendix C). Three types of breccias are
recognized: shatter breccias, anastomosing breccias, and shear zone and fault breccias (Price 1982).

o Shatter breccias are simply shattered basalt in which the original primary features of the basalt are
still preserved (Appendix C, Figure C.14).

e Anastomosing breccias are composed of lenticular basalt fragments with a submicroscopic, pulver-
ized basalt matrix, and are nontabular basalt breccias of no apparent measurable orientation
(Appendix C, Figure C.15).

o Shear zones and fault breccias are tabular breccia zones that have three stages of development. The
first stage is the development of a set of parallel, sigmoidal, extension fractures superimposed on
primary structures (Appendix C, Figure C.16). The second stage involves rigid rotation of
millimeter-scale basalt blocks, causing the initial granulation of basalt (Appendix C, Figure C.17).
The third stage involves development of discrete slip surfaces either within, or bounding, a tabular
breccia (Appendix C, Figure C.18).

Flow top breccias are distinguished from tectonic breccias by several characteristics (see
Appendix A). Tectonic breccia typically contains more angular clasts of smaller size, usually a few
centimeters or less, than flow top breccia. Clasts in flow top breccia often are bound by original glass and
are an admixture of vesicular and nonvesicular basalt, whereas clasts in tectonic breccia have a homo-
geneous texture. When observed in drill core, tectonic breccia zones are typically bounded by fractures,
resulting in a distinct demarcation between the zone and the surrounding intact rock, in contrast to the
often degradational contacts of flow top breccia zones. The presence of subparallel fracturing within a
tectonic breccia zone results in clasts being arranged parallel to subparallel to each other, which also
contrasts with the random, chaotic nature of clasts in flow top breccias. Slickensides are present on some
surfaces in tectonic breccias and absent in flow top breccias without tectonic fracturing. Tectonic
breccias typically display a crushed basalt matrix, while flow top breccias may be partially to fully filled
with secondary minerals or palagonite between fragments, or the fragments may be welded together.

Major high-angle, reverse to thrust faults along anticlinal ridges are associated with very thick 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). Similar breccia zones have been found in
Umtanum Ridge (Price 1982; Barsotti 1986) and at Wallula Gap (Gardner et al. 1981).

The greatest amount of brecciation and shearing occurs in the hinge zone of the anticlinal folds and
decreases progressively down the flanks. Studies of several south-dipping limbs support these observa-
tions (e.g., see Price 1982; Barsotti 1986; Reidel et al. 1984). Detailed studies on Umtanum Ridge found
that the degree of brecciation is related spatially to the dip of the layering (Price 1982). The greatest
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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).

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

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

Tectonic breccias that have been observed in boreholes in the Cold Creek syncline of the Hanford
Site are similar in appearance to the widely disseminated fault and shear zones described from surface
exposures. This suggests that their occurrence is not necessarily associated with areas of greatest
deformation in a fold. An alternative interpretation is that they are associated with other, possibly larger,
faults.

Core disking, the fracturing of core into thin saddle-shaped disks, is a drilling-induced phenomena
observed in some cores from the Cold Creek syncline and is apparently related to de-stressing of zones
with high ratios of horizontal to vertical stress (Paillet and Kim 1987). Numerical modeling of core
disking indicates that it results from effects of shear and unloading as the bit penetrates rock under
substantial horizontal stress. Paillet and Kim (1987) note an imperfect correlation between core-disking
and borehole breakouts. Both tend to be confined to dense flow interiors. The imperfect correlation is
attributed to differences in failure mechanisms. No correlation has been observed among borehole
breakouts, core disking, and tectonic breccia zones. Paillet and Kim (1987) suggest that breakouts and
core disking within the interiors of individual flows “may indicate that substantial stresses are being
produced by concentration of regional stresses in relatively hard and thick basalt flows embedded within
softer, more easily deformable sediments and altered flow top breccias.”

2.4.10 Tectonic Joint Sets

Identifying regional joint sets is often done using remote sensing imagery, but this is complicated by
the sedimentary cover that overlies much of the basalt bedrock. This type of 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.

Several compilations of photolineaments and topographic lineaments have been completed for
various purposes. Sandness et al. (1982) compiled photolineaments and topographic lineaments for the
entire Columbia Basin. 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
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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 Sandness et al. (1982) noted were on the Walla Walla quadrangle,
along the Palouse River. Here, Pleistocene cataclysmic flooding stripped away much of the sediment
overlying the basalt. Other joint sets are found west of Connell, at Wallula Gap, along the Yakima River
northwest of Prosser, near O’Sullivan Dam, and along Crab Creek along the north side of the Saddle
Mountains.

A second compilation of lineaments was completed as part of the licensing investigations for the
Washington Public Power Supply System’s (now Energy Northwest’s) nuclear plants (Glass and
Slemmons 1977). Their objective 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.

2.4.11 Relationship Between Folding and Faulting

Most deformation in the Columbia Basin is a result of north-south compression. This section dis-
cusses the relationship among folds, faults, and tectonic joints and places them in the structural frame-
work of the Yakima Fold Belt.

The deformation mechanisms by which folds, faults, and tectonic fractures develop are not yet fully
understood. A structural analysis of part of Umtanum Ridge near Priest Rapids Dam by Price (1982)
contends that deformation occurred by faulting, folding, and development of tectonic joints in the
anticlinal crests during regional compression with substantially less deformation in the synclinal troughs.
The gently dipping limbs of the anticlines contain widely disseminated, discrete shear zones and (or)
faults. Steep strata on the north limbs of Yakima folds contain more extensive faults or breccia zones
(Price 1982).

Price’s (1982) study of the Umtanum Ridge anticline showed that folding included localized
intralayer faulting, extensive shattering, and limited interlayer faulting. Most strain is cataclastic, but
glassy flow tops appear to have been more ductile. Price determined that four tectonic joint sets are
dominant. Two sets have vertical dips and strike perpendicular to and parallel to the fold axis, respec-
tively. The other two sets are conjugate sets that strike perpendicular to the fold axis and dip to the east
or west. These sets represent extension parallel to the fold axis and extension perpendicular to the fold
axis during folding. Joints are most pronounced and abundant in the core of the fold; they decrease
upward in the structure to where they are not recognized above the Vantage horizon. Because joints are
systematically related to folds, joints within Umtanum Ridge are interpreted to be the same age as the
folds (Price 1982).

The strain distributions and structural geometries agree well with a flexural-flow-buckle model.
However, the internal cataclastic flow is not inherently penetrative, and limited flexural slip has occurred.
Price’s (1982) fold model suggests that most strain in the fold is simple shear and took place above the
topographic surface of adjacent synclinal valleys. Large reverse faults associated with the anticlines are
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interpreted to be the faulting strain that is required by the folding, and they are interpreted to have
propagated to the surface late in the folding process. Therefore, the observed folding strain and its
distribution are interpreted to be the result of local stresses and resultant strains related to fold geometry,
and are the direct results of regional plateau shortening.

Suppe (1983, 1985) proposed that large-scale folds that formed at shallow crustal levels at about the
brittle-plastic transition are related to slip on adjacent faults, and this might be applicable to the Yakima
folds. Suppe identifies three classes of fault-related folds:

e buckling, caused by compression above a bedding plane decollement
o fault-bend folding, caused by bending of a fault block over a nonplanar surface
o 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 (1982) and Reidel (1984), but with potentially significant differences. The presence or absence
of a decollement is the major uncertainty in the Yakima folds.

Price’s (1982) 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. Field studies in the Burbank Creek syncline
north of Yakima and the syncline directly north of Umtanum Ridge show that synclines exhibit the least
strain of any parts of a fold (Price 1982).

Tectonic breccias are present in many deep boreholes in synclinal folds on the Hanford Site, but
breccia zones are infrequent in each borehole, typically intact, and generally less than 10 cm thick (Moak
1981). Tectonic breccias encountered in boreholes do not seem to be concentrated at any particular depth
or interval.

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) 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:

e aprimary one in which greatest rotation occurs in the crest-hinge area of the anticlines and decreases
toward the synclines

e asecondary pattern in which the amount of rotation is controlled by the geometric segments of the
folds.
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Reidel et al. (1984) 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. Further study by
Barsotti (1986) supports this interpretation, 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 (conjugated set that strikes perpendicular to
the fold axis) that developed in the anticlines as they grew under north-south compression. The confine-
ment of rotation to the anticlines indicates that this shear system is principally limited to the anticlines.

2.4.12 Earthquake History and State of Stress in the Columbia Basin

Our knowledge on the current state of stress in the Columbia Basin comes from geodetic surveys,
hydraulic fracturing tests, and earthquake monitoring. The recently initiated Pacific Northwest Geodetic
Array (PANGA) global positioning system (GPS) network is just beginning to provide data along the
western margin of the Columbia Basin. These methods indicate that the Columbia Basin is currently
under north-south oriented stress. The pattern of geologic deformation is consistent with this and
suggests that compression has occurred since at least the Miocene.

Hydraulic fracturing tests conducted at about 1 km depth in boreholes in the Cold Creek syncline at
the Hanford Site indicate that the maximum horizontal stress ranges from 52.6 to 67.4 MPa (7,630 to
9,780 Ibf/in®), and the minimum horizontal stress ranges from 30.3 to 35.7 MPa (4,400 to 5,180 Ibf/in®).
The ratio of average horizontal stress [(oy + 64)/2] to the vertical stress (o) ranges from 1.41 to 2.14 with
a mean value of 1.77 £ 0.20. The mean orientation of induced fractures, and thus, the direction of the
maximum horizontal stress is consistent with north-south compression (Paillet and Kim 1987).

The earthquake record from the Columbia Basin is also consistent with continuing north-south
oriented compression. The historic record of earthquakes in the Pacific Northwest dates from about 1840
but seismograph networks did not start providing earthquake locations and magnitudes until about 1960.
A comprehensive network of seismic stations providing accurate locating information for most earth-
quakes of magnitude >2.5 was installed in eastern Washington in 1969. Pacific Northwest National
Laboratory operates this monitoring network for the DOE (PNNL 2001).

Although seismicity of the Columbia Basin, expressed as the rate of earthquakes per area and the
historical magnitude of these events, is relatively low when compared with other regions of the Pacific
Northwest, large earthquakes (Richter magnitude>7) are known to occur (Figure 2.13). A large earth-
quake having an estimated Richter magnitude of approximately 7 with an uncertain location occurred
northwest of the Columbia Basin in 1872. The distribution of intensities suggests it occurred somewhere
within a broad region north of Wenatchee, Washington.

The largest known earthquake in the Columbia Basin occurred in 1936 near Milton Freewater,
Oregon, south of Walla Walla, Washington. This earthquake had a magnitude of approximately 6 and
a maximum MMI of VII, and was followed by a number of aftershocks whose epicenters suggest a
northeast-trending fault plane, such as the Hite Fault (Figure 2.2). Other earthquakes with Richter
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Figure 2.13. Historic Seismicity of the Columbia Basin and Surrounding Areas. Includes all
earthquakes between 1850 and 1969, with a Modified Mercalli Intensity (MMI)
of V or larger or a Richter magnitude of 4 or larger.

magnitudes >5 and/or MMIs of VI occurred along the margin of the Columbia Basin. Three MMI VI
earthquakes have occurred within the Columbia Basin, including one event in the Milton-Freewater,
Oregon, region in 1921; one near Yakima, Washington, in 1892; and one near Umatilla, Oregon, in 1893.
In the central portion of the Columbia Basin, two earthquakes having a magnitude 4.4 occurred in 1918
and 1973 near Othello, Washington (Figure 2.13).

The Eastern Washington Seismic Monitoring Network (PNNL 2001) shows that earthquakes in the
Columbia Basin most often occur in spatial and temporal clusters and are termed “earthquake swarms”
(Figure 2.14). The frequency of earthquakes in a swarm tends to gradually increase and decay with no
one outstanding large event within the sequence. These earthquake swarms generally occur at shallow
depths, with 75% of the events located at depths <4 km. Each earthquake swarm typically lasts several
weeks to months, consists of several to 100 or more earthquakes, and the locations are clustered in an area
5 to 10 km in lateral dimension. Often, the longest dimension of the swarm area is elongated in an east-
west direction. Earthquakes also occur to depths of about 30 km. These deeper earthquakes are less
clustered and occur more often as single, isolated events.
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Figure 2.14. Seismicity of the Columbia Basin and Surrounding Areas as
Measured by Seismographs. All earthquakes from 1969 to
2001 with Richter magnitude 3 or larger are shown.

The seismicity in the area north of Wenatchee is distinct from that of the Columbia Basin. The
depth distribution is almost uniform in the top 8 km, which contains roughly 90% of the seismicity
(Figure 2.14). This region has exhibited seismicity throughout the historical period (Figure 2.13) and is
suggestive of being related to the source area of the 1872 magnitude 7 earthquake.

Some of the larger earthquakes in eastern Washington during the instrumental period have occurred
near Walla Walla, and near the epicenter of the 1936 Milton-Freewater earthquake. This is a second
example of where the recent seismicity appears to correlate with that observed in the historical period. In
contrast, in 2001, approximately 80 earthquakes with maximum magnitude of 4 have occurred beneath
the city of Spokane in northeastern Washington. This area has been notably aseismic for the last 45 years
and only a few events are historically located near there as far back as 1850. These events also appear to
have a swarm characteristic repeated in 4 to 5 clusters of events in time. Note that the cluster of earth-
quakes east of Spokane (Figure 2.14) is related to induced seismicity at deep silver mines. Although
partially due to regional stresses, the mine openings change the local stress state, and most of these events
are anomalous with implosional mechanisms.
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Earthquake focal mechanisms in the central Columbia Basin generally indicate reverse faulting on
east-west planes, consistent with a north-south-directed maximum compressive stress and with the
formation of the east-west-oriented anticlinal folds of the Yakima Fold Belt (Reidel et al. 1989a, 1994).
However, earthquake focal mechanisms suggest faulting on a variety of fault plane orientations.

In summary, the seismicity of the Columbia Basin is low with earthquakes typically less than mag-
nitude 3. Large earthquakes have long recurrence periods. Magnitude 7 earthquakes are estimated to
recur every 10,000 years and magnitude 5 earthquakes every 5,000 years.

2.4.13 The Yakima Folds: A Summary

The Yakima folds are not unique geologic structures on the Earth or, for that matter, on the other
terrestrial planets. Wrinkle ridges or volcanic plains anticlinal ridges on the terrestrial planets (Basaltic
Volcanism Study Project 1981), which form as a result of basement involvement or detachment, are
interpreted as geometric analogs of the Yakima folds (Watters 1989). The surface geometry of the
Yakima folds resemble typical folds in a thrust belt. They form under generally north-south compression,
based on geometry (Davis 1977), focal mechanisms (Rohay and Davis 1983), and in situ stress measure-
ments (Kim et al. 1986), 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 Basin, 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) 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). Interpretations of the Saddle Mountains fault using
borehole data also indicate a steeply dipping fault plane (Appendix C, Figure C.19).

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 limb of Umtanum Ridge that is overridden by the
north limb of Yakima Ridge. The Cold Creek syncline at the Hanford Site has a width of over 10 km and
is a broad trough that has apparently undergone little deformation relative to anticlinal areas. It is an area
that also has been undergoing subsidence since the beginning of CRBG volcanism.

2.5 Geologic History of the Columbia Basin

2.5.1 The Pre-Miocene Columbia Basin

The present Columbia Basin reflects the major structural elements that formed before flood-basalt
volcanism. This section provides an interpretation of the structural setting of the Columbia Basin prior to the
eruption of the CRBG. This interpretation is based on our field observations combined with data from the
last two decades of geophysical surveys and from deep hydrocarbon exploration boreholes in the Columbia
Basin.
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The Yakima Fold Belt and Palouse Slope (Figure 1.1) overlie the two major pre-CRBG structural
features of the Columbia Basin (Reidel et al. 1989a). The Palouse Slope subprovince overlies a crystalline
basement high with a thin (<100 m) sediment package between the basalt and basement (Figures 2.15 and
2.16). The Yakima Fold Belt overlies a large pre-basalt basin filled with as much as 7,000 m of continental
sediments.

The crystalline basement underlying the Palouse Slope (Figures 2.2 and 2.16) has been penetrated by two
boreholes (1-10 Darcell, and Basalt Explorer, Figure 2.12). This basement is essentially metasedimentary
rock of late Precambrian to early Paleozoic age. It is composed of quartz, feldspar, and mica and resembles
the Addy Quartzite and certain Precambrian Belt Supergroup rocks. Reidel et al. (1994) interpreted this
basement to be part of the old continental craton that developed after the breakup of the supercontinent
Rodinia and has remained relatively stable except for its west slope. The southern boundary lies along a
major gravity anomaly that extends westward from Lewiston, Idaho, to Pomeroy, Washington (Mohl and
Theissen 1985). Downhole data gathered from the 1-10 Darcell borehole (Figure 2.16) indicate that the
craton also extends west and south from Pomeroy. We suggest that the trace of this cratonic margin is
expressed at the surface by the Hite fault (Figure 2.2), the major fault that forms the western margin of the
Blue Mountains between Pomeroy, Washington, and Pendleton, Oregon, and has been the locus of many
historic earthquakes.

The Yakima Fold Belt is underlain by a thick sequence of sediments that was first recognized in deep
hydrocarbon exploration boreholes (Campbell and Banning 1985). On the basis of seismic refraction survey
data, Catchings and Mooney (1988) interpret this as a rift basin. Other studies using additional geophysical
data sets (Rohay and Malone 1983; Rohay et al. 1985; Glover 1985; Zervas and Crosson 1986), however,
question this interpretation. These studies did not find evidence for a rift basin in the deep crust or mantle.

Yakima Fold Belt Palouse Slope
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Figure 2.15. Geologic Cross Section through the Columbia Basin
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Figure 2.16. Stratigraphy of Boreholes that Penetrate the Columbia River

Basalt Group. (For locations see Figure 2.6.)

The pre-CRBG basin above the crystalline basement is filled with early Cenozoic sediments consisting

primarily of Eocene continental sediments and some Oligocene volcaniclastic and older rocks (Campbell and

Banning 1985; Campbell 1989). Reidel et al. (1989a) interpreted the pre-CRBG basin and craton to be
juxtaposed near the Ice Harbor dike swarm east of the Pasco Basin (Figure 2.15) and also interpreted a
causative relationship between the dike swarm and this fundamental crustal boundary. Reidel et al. (1992)

interpreted this boundary was the suture zone between the continental craton and accreted terrains to the west.
Furthermore, they suggested that the suture is oriented approximately N10°W and is marked at the surface by

the Ice Harbor dikes and the boundary between the Saddle Gap and Eagle Lakes segments of the Saddle

Mountains (Reidel 1984, 1988). The location of the suture also appears as a marked prominent acromagnetic
anomaly (Swanson et al. 1979a; also see Appendix D, Figure D.2) associated with the Ice Harbor dike swarm

and extends as far south as the eastern side of Wallula Gap. This boundary appears to cross the CLEW, and
intersect the Hite fault-craton boundary near Pendleton, Oregon.
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The Hog Ranch-Naneum Ridge anticline (Figure 2.2) parallels the suture and appears to divide the
Yakima Fold Belt into two parts. Campbell and Banning (1985) have interpreted pre-CRBG rocks under the
Hog Ranch-Naneum Ridge anticline to be part of a horst, but results from a recent seismic profile (Jarchow
1991) suggest that the Hog Ranch-Naneum Ridge anticline may not involve basement structure. We suggest
that the Pasco Basin is underlain by a northwest-trending graben east of the Hog Ranch-Naneum Ridge
anticline that may only be expressed in the basalt and prebasalt sediments (see Figure 2.15).

Tertiary sedimentary and volcaniclastic rocks west of the Hog Ranch-Naneum Ridge anticline extend
beyond the margin of the CRBG and form part of the Cascade Range. There is no faulted western margin to
the basin as suggested in the rift model of Catchings and Mooney (1988). The pre-CRBG sediments continue
across the present Cascade Range and were arched upward during intrusion and uplift of the Cascade Range
to form the present western edge of the Columbia Basin. This supports the previously mentioned geophysical
studies and suggests that the Columbia Basin is not a rift basin but perhaps simply a back-arc basin.

The Blue Mountains uplift forms the southern boundary of the pre-CRBG basin, although the exact
boundary is not well located. The boundary may lie near the present Blue Mountains ridge crest because of a
thick sequence of sediment that occurs north of the crest below the basalt near the Washington-Oregon border
(Fox and Reidel 1987). This boundary might coincide with Beeson et al. (1989) east-trending Transarc
lowland that forms the low area extending along the Washington-Oregon border through the Columbia
Gorge. The Transarc lowland and the pre-CRBG basin combine to produce an apparent northeast-trending
trough through the Columbia Basin. The thickest sediment package lies along this trend; in addition, more
CRBG flows are found along the trough than elsewhere in the basin. The lowland provided the main path-
way for CRBG flows between the vent area and western Oregon and Washington (Reidel and Tolan 1992).

2.5.2 The Middle Miocene Columbia Basin

Borehole, geophysical, and stratigraphic data (Berkman et al. 1987; Catchings and Mooney 1988; Reidel
et al. 1989a) indicate that the CRBG thins onto the Palouse Slope and thickens into the Yakima Fold Belt
(Figures 2.15 and 2.16). The CRBG ranges from 500 to 1,500 m thick on the Palouse Slope but abruptly
thickens to as much as 4,000 m in the Pasco Basin area (Reidel et al. 1982, 1989a). Regional thickness
patterns for both the CRBG and underlying Tertiary sediments indicate that the pre-CRBG basin was
subsiding relative to the Blue Mountains and Palouse Slope from the Paleocene-Eocene though the Miocene.
By far the most significant tectonic activity was continued subsidence in the basin. The subaerial nature of
the CRBG lava flows indicates that subsidence continued as long as basalt was being erupted, and that basalt
accumulation kept pace with subsidence (Reidel et al. 1982, 1989a, 1989b). Subsidence rates from 17 to
15.6 Ma were approximately 1 cm/yr initially and decreased to 3 x 10~ cm/yr in the late Miocene (Reidel
et al. 1989a).

During the eruption of the CRBG, the anticlinal ridges were topographic highs against which the basalt
flows thinned during emplacement (Reidel 1984; Reidel et al. 1989a; Anderson 1987). Detailed analysis of
borehole and field data (Reidel 1984; Reidel et al. 1989a) established a quantitative relationship between flow
thickness and fold growth rates. During the initial eruption of the CRBG (17 to 15.6 Ma), the ridges grew at
about 0.25 mm/yr (Figure 2.17), and the rate decreased to about 0.04 mm/yr during the waning phases (15.6
to 10.5 Ma) (Reidel 1984; Reidel et al. 1989a). A cartoon showing this process is shown in Figure 2.18.
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Figure 2.17. Growth Rate of the Saddle Mountains Anticline Based on Thinning of Basalt Flows Over Ridges

Figure 2.18. Growth of a Yakima Fold. (a) Initial growth of the fold due to buckling as basalt flows
are folded. (b) Folding and faulting continue as each new flow is erupted but the
deformation is buried by the younger flows. (c) After the last basalt flows are erupted,
deformation reaches the surface and the fold-fault system develops.
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By the end of the massive eruptions of the CRBG (10.5 Ma), most of the Columbia Basin was a shallow,
bowl-shaped, nearly featureless plain. The massive eruptions had buried most of the structural and topo-
graphic relief. In the western part of the Columbia Basin, only the anticlinal ridges that were not buried by
younger flows stood above the plain. Across this plain flowed the ancestral Columbia River and its main
tributaries, including the Salmon-Clearwater, Yakima, and Palouse rivers.

2.5.3 The Late Miocene Columbia Basin

The post-CRBG tectonic history of the Columbia Basin is recorded in the Yakima folds and post-CRBG
sediments. Alluvial-lacustrine sediments (Table 2.1) deposited primarily by the Columbia River system
show that the Yakima folds were growing and displacing river channels during the late Miocene and Pliocene
(Fecht et al. 1987).

Progressive changes in the distribution of post-CRBG sedimentary facies are one of the best records of
the post-CRBG history of the Columbia Basin. Sand and gravel deposits of the largest fluvial channels
record the locations of major drainages. Lesser alluvial fans and sidestream alluvial systems were deposited
adjacent to the main rivers. Ridge uplift and basin subsidence are recorded by progressive lateral shifts in
these depositional environments over time (Fecht et al. 1987; Smith 1988).

During the waning phases of CRBG eruptions (12.5 to 8.5 Ma), the Columbia River flowed south
across the Yakima Fold Belt. Prior to approximately 8 Ma, the post-CRBG pre-Ringold channel (upper
Ellensburg Formation and Snipes Mountain Conglomerate) of the Columbia River flowed across the
western Pasco Basin, entering at Sentinel Gap (Reidel 1984, 1987) and exiting near Sunnyside Gap
(Figure 2.10); from there it flowed southwest toward Goldendale. About 8 Ma, the Columbia River
began to shift eastward into the central Pasco Basin, occupying a water gap over the eastern end of
Rattlesnake Mountain near Benton City, Washington (Fecht et al. 1987). By middle Ringold time
(approximately 6 Ma), the Columbia River shifted position again, exiting the Pasco Basin at Wallula Gap
as it does now (Fecht et al. 1987).

2.6 Geophysical Surveys of the Columbia Basin

This section summarizes the types and results of geophysical investigations conducted to characterize
the subsurface in the Columbia Basin. The section is divided into surface geophysical methods and
borehole-wireline methods. Geophysical methods, integrated with borehole and surface geology studies,
provide the best means of determining the structural features and physical properties of a subsurface site
in the Columbia River Basalt Group. Appendix D provides examples of selected surveys run by DOE
that we consider useful for characterizing the subsurface for gas storage in the CRBG.

Geophysical methods involve measuring various physical parameters in the Earth. These are the
Earth’s natural fields (e.g., gravity, magnetic, and electrical) and discrete rock-mass properties (e.g.,
seismic velocity, density, bulk modulus, resistivity, and radioactivity). The natural fields are measured
directly. Other rock parameters are derived by measuring the effects produced by the Earth when energy
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is induced into the Earth. Types of energy used typically include seismic, electric, and electromagnetic.
Geophysical techniques detect discontinuities, layers, or regions in the Earth where the rock properties
differ from those in surrounding rocks.

Individual geophysical methods provide information that typically does not have a unique interpreta-
tion. By integrating several types of geophysical data with geologic information, a model can be
developed. In this way, a more reliable interpretation can be developed. With each new input of data, the
values of some parameters are adjusted, and the model is modified until the model best satisfies the
greatest number of parameters and measured fields.

2.6.1 Surface Geophysical Methods
2.6.1.1 Gravity Studies

Gravity data can be used to constrain structural models on both a regional and site-specific scale.
This section is divided into three parts. The first part describes regional gravity surveys, the second
Columbia Basin studies, and the third site-specific surveys.

Regional Gravity Setting. The Columbia Basin is a relative gravity high on the regional Bouguer
anomaly maps (Appendix E; WPPSS 1981; Riddihough and Seemann 1982; Bonini et al. 1974; Finn et al.
1984; SEG 1982). A 40- to 80-mgal gravity gradient along the trend of the Blue Mountains is interpreted
as the northwestern extent of the Basin and Range Province by Eaton et al. (1978) and Riddihough et al.
(1986). To the east lies the gravity low of the Idaho Batholith, while to the north the gradient is relatively
gentle as the basalts overlap the Omineca crystalline belt of northern Washington and southern British
Columbia (Cady 1980). The western margin of the Columbia Basin is separated from the Cascade Range
gravity low (described by Danes 1969) by a gradient that may represent the rapid decrease in basalt
thickness (Konicek 1975).

Gravity Features of the Columbia Basin. The Washington Public Power Supply System (WPPSS
1977) described the residual gravity features of the Columbia Basin as having broad gravity highs over
basalts, broad gravity lows over areas with thick sediment accumulation, and no obvious structural trends.
In the western part of the Columbia Basin, Konicek (1975) and Robbins et al. (1975) noted that:
Umtanum Ridge, Ahtanum Ridge, and the Rattlesnake Hills (Figure 2.2) are associated with positive
anomalies. Konicek (1975) noted that the Cowiche Mountains along the western margin of the Basin also
are expressed with a positive anomaly, but the anomaly is 5 km north of the topographic expression.
Toppenish Ridge, by contrast, has a related gravity high that is south of its surface expression and is
related to the Simco Volcanic field. Konicek also noted that a change in these anomalies occurred along
the north-south regional gravity gradient discussed above. The Ellensburg, Wenas, Yakima, and
Toppenish basins are expressed by gravity lows (Konicek 1975; Robbins et al. 1975).

Several structural models have been proposed using gravity data along profiles in the northern part of
the Columbia Basin (Cady 1980; WPPSS 1981; Appendix 2.5L-1; Prieto et al. 1985). The north-south
profile of Cady extends from east-central Oregon to east-central British Columbia and shows a 10-km-
thick section of basalts that gently laps onto the Omineca crystalline belt. The east-west profiles of
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WPPSS (1981, Appendix 2.5L-1) and Prieto et al. (1985), which are located north of the Pasco Basin,
show a thinner section of basalt. However, the profiles disagree as to the amount of thinning, because
of differences in density contrasts used to model the data. These studies were done before the 1980s
exploration activities that gave the exact thickness of the basalt.

Based on gravity analyses, Mohl and Thiessen (1985) extended the edge of the cratonic margin, as
defined by strontium isotope data, underneath the basalt cover of the eastern Columbia Basin. Reidel
et al. (1994) extended it along the north flank of the 