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ABSTRACT

The Miocene Columbia River Basalt Group (CRBG) covers a large part of Ore-
gon, Washington, and Idaho and is one of the youngest and perhaps the best studied
flood-basait province on Earth. Decades of study have established a regional strati-
graphic framework for the CRBG, have demonstrated the CBRG flows can be corre-
lated with dikes and vents, have documented a wide variety of physical features with-
in the CRBG flows, and have demonstrated that many characteristics of the CRBG
are recognizable throughout its extent. Detailed studies of individual fiows and their
feeder dikes have allowed the development of models for the emplacement of volu-
minous basaltic lava flows. The interplay between the regional structure, contempo-
raneous deformation, preexisting topography, and paleodrainage systems helped to
control the emplacement of individual CRBG flows. These features have also affected
the nature of late Neogene sedimentation in the region covered by basalt flows. Final-
ly, the distribution of sediments within the CRBG and the character of the intraflow
and interflow structures have played a significant role in the development of aquifers
within the CRBG. In this paper we present an overview of the regional aspects of the
stratigraphy, structural geology, tectonics, and hydrogeology of the CRBG.
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INTRODUCTION

Four field trip guides in this volume examine the geology,
tectonics, and hydrogeology of the Miocene Columbia River
Basalt Group (CRBG), a flood-basalt province covering a large
part of Oregon, Washington, and Idaho (Tolan et al., this volume;
Wells et al., this volume; Lindsey et al., this volume; Burt et al.,
this volume). Decades of study have established a regional stra-
tigraphy and nomenclature for the CRBG and have demonstrated
that many characteristics of the CRBG are recognizable throngh-
out its extent. The purpose of this paper is to present an overview
of the common regional aspects of the stratigraphy, structural
geology, and hydrogeology of the CRBG and to provide a basic
stratigraphic framework for all of the field trips in the region.

The Columbia River Basalt Group is an example of a con-
tinental flood-basalt province, a type of large igneous province
erupted onto largely continental crust and dominated by great
thicknesses of basaltic lava flows (Jerram and Widdowson,
2005). The CRBG erupted between 17 and 6 Ma and inundated
more than 200,000 km? of Washington, Oregon, and Idaho (Fig.
1). Itis one of the youngest and best preserved continental flood-
basalt provinces on Earth. Although the province includes the
Steens Basalt and related flows of southeast Oregon as part of the
CRBG (Camp et al., 2003; Camp and Ross, 2004), our focus in
this paper is on the area covered by the field trips on the Colum-
bia Plateau and in western Oregon and Washington.
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'The CRBG also hosts an important regional aquifer System
that is the primary water supply for numerous communities and
a multibillion-dollar agricuitural economy. Understanding the
basic geology and structural geology of the CRBG has Played ap
important role in interpreting and defining the characteristics and
behavior of the CRBG aquifer system across this province, The
following sections will provide an introduction to (1) the regiona|
setting and stratigraphic framework of the CRBG, (2) physical
characteristics of CRBG flows, (3) eruptive history and mode
of emplacement of CRBG flows, (4) structural geology, and
(5) hydrogeology of the CRBG.

REGIONAL SETTING

The CRBG was erupted in a backarc setting from a serjeg
of dike swarms close to the boundary between the Precam-
brian craton and largely Mesozoic accreted terranes to the
west (Fig. 1). The flood basalts inundated the intermontane
basin in the backarc, flowing eastward to the Rocky Moun--
tains and westward through the Cascade arc, Willamette Val.
ley and Coast Range, and finally into the Miocene forearc
basins offshore (Fig. 1). The basalt-filled intermontane basin
(between the Cascade volcanic arc and the Rocky Mountains)
is commonly called the Columbia Plateau, where the basalts
are more than 3 km thick in its central and west-central por-
tions {Reidel et al., 1989b).
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Rocks older than the CRBG are exposed around the margins
of the flood-basalt province and in deep boreholes. To the northeast,
the CRBG laps onte a cratonic assemblage of Proterozoic metased-
iments of the Windermere and Belt Supergroups, miogeosynclinal
lower Paleozoic shallow marine rocks, rocks associated with the
Kootenay Arc, and granitic rocks of the Idaho Batholith and other
Jurassic and Cretaceous intrusions (Stoffel et al., 1991). The struc-
raral grain of these rocks is north to northeast. To the southeast, the
CRBG overlies lower to middle Tertiary volcanic rocks and related
volcaniclastic rocks mostly assigned to the Clarno and John Day
Formations, which themselves overlie northeast-trending belts of
Cretaceous to Permian accreted terranes of intra-arc and volcanic
arc origin (Walker, 1979; Walker and MacLeod, 1991).

The Cascade volcanic arc forms a broad, south-plunging
arch along the western margin of the Columbia Plateau. The
CRBG is uplifted 300 to >600 m on the flanks of the arch, and
fault bounded pre-Tertiary terranes and Eocene and Oligocene
sediment-filled rift basins of the North Cascades plunge 1o the
southeast beneath the basalt (Tabor et al., 1984; Campbell, 1989).

Where the arch plunges to the south, the flood-basalt flows
of the CRBG crossed the Miocene Cascade volcanic arc into the
forearc via a 60-km-wide, east-northeast—trending lowland gap
{Columbia Trans-Arc Lowland; Beeson et al., 1989a; Fig. 1).
Cascade arc volcanism continued after emplacement of the flood
basalt, and arc voicanic rocks overlie the CRBG in northern Ore-
gon and southern Washington. Advancing westward, the flood
basalts covered much of the rorthern Willamette Valley region
and crossed the Coast Range (Fig. 1). Eventuaily the CRBG
flows reached the Pacific Ocean (Fig. 1} and advanced cut onto
the continental sheif (Niem and Niem, 1985). In the forearc, the
CRBG typically unconformably overlies marine strata, forearc
related volcanics, and accreted oceanic terranes (Armentrout et
al., 1983; Niem and Niem, 1985; Yeats et al., 1991; Wells, 2006).

STRATIGRAPHIC FRAMEWORK OF THE
COLUMBIA RIVER BASALT GROUP

Historical Perspective

The pioneering studies of Waters (1961), Mackin (1955,
1961), and Grolier and Bingham (1971, 1978) developed a basic
Columbia River basalt stratigraphic framework that could be cor-
related and mapped over geographically large areas. Subsequent
studies of the Columbia River basalt employing traditional map-
ping methods along with geochernical and paleomagnetic fin-
gerprinting, demonstrated that mappable units of regional extent
(Fig. 2) could be uniquely defined (Swanson et al., 1979a, 1979b,
1980, 1981; Beeson and Moran, 1979).

Most of the research efforts in the CRBG from the late
1970s to 1988 were funded by the U.S. Department of Energy’s
(USBOE) Basalt Waste Isolation Project (BWIP), which exam-
ined the suitability of constructing a deep repository in the CRBG
for the final disposal of high-level nuclear waste beneath Hanford
in south-central Washington State.
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A tremendous amount of data and information on CRBG
geology and hydrogeology was produced by BWIP and its
cooperative research partners. Results from BWIP’s investiga-
tions are sumimarized in the first three volumes of the Site Char-
acterization Plan (U.S. Department of Energy [USDOE], 1988).
Geological Society of America Special Paper 239 (Reidel and
Hooper, eds., 1989) presents a comprehensive summary of the
results of this period of cooperative research into the regional
stratigraphic framework and tectonics of the Columbia River
Flood-Basalt Province. In the post-BWIP era, much of the
effort in CRBG research has been directed into investigating
the emplacement process and history of these huge flood-basalt
flows (e.g., Reidel and Tolan, 1992; Reidel et al., 1994b; Ho and
Cashman, 1997; Self et al., 1996, 1997, Reidel, 1998), refin-
ing the stratigraphy of the CRBG, especially the monotonous
Grande Ronde Basalt, and understanding the hydrogeology of
the CRBG (Oberlander and Miller, 1981; Livesay, 1986; Drost
and Whiteman, 1986; Lite and Grondin, 1988; Davies-Smith
et al., 1988; USDOE, 1988; Burt, 1989; Johnson et al., 1993;
Hansen et al., 1994; Spane and Webber, 1995; Wozniak, 1995;
Steinkampf and Hearn, 1996; Packard et al., 1996; Sabol and
Downey, 1997; Tolan et al., 2000b; Ground Water Manage-
ment Area [GWMA], 2007a, 2007b). The following sections
describe our current understanding of the physical characteris-
tics and emplacerment mechanism of CRBG flows.

General

The CRBG (Fig. 2) consists of a thick sequence of more
than 300 continental tholeiitic flood-basalt flows that were
erupted over an 11 million year period from ca. 17 to 6 Ma
(Swanson et al., 1979b; Tolan et al., 1989). These flood-basalt
flows cover an area over 200,000 km? in Washington, Oregon,
and western Idaho (Fig. 1) and have a total estimated volume
of more than 224,000 km®* (Camp et al., 2003). These volumet-
ric figures include the Steens Basalt and correlative units in
southeast Oregon, which are now considered to be part of the
CREG. The source for most of the flows was a series of north-
northwest-trending linear fissure systems located in eastern
Washington, eastern Oregon, and western Idaho (Fig. 1).

Although the eruptive activity associated with the CRBG
spans an 11 million year period, more than 96% of the volume
of the CRBG was erupted over a period of ~2.5 million years,
from 17 to 14.5 Ma (Swansen et al., 1979b; Fig. 3). New
radiometric ages (Barry et al., 2008) indicate that the eatire
Grande Ronde Basalt may have erupted in only 250,000 yr.
During this peak period of activity, many of the flows that
were erupted were of extraordinary size, exceeding 1000 km?
in volume with some as much as 5000 km?, and traveled many
hundreds of kilometers from their vent sysiem (Tolan et al.,
1989; Reidel et al., 1989a; Reidel, 1998, 2005). These gigan-
tic CRBG flows are hundreds to thousands of times larger than
any lava flow erupted during recorded human history. Figure
4 presents a same-scale comparison between a CRBG flow,
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the Laki (Skaftar Fires) flow field (largest basalt eruption
in recorded human history; Thordarson and Self, 1993) and
the ongoing Pu’u O’o eruption on the Big Island of Hawaii,
CRBG flows represent the largest individual lava flows known
on Earth (Tolan et al., 1989).

The flow of lava away from the vent systems was directed
by major tectonic feamres of the Palouse Slope, Columbia
Basin, and Columbia Trans-Arc Lowland (Fig. 1) and continued
regional subsidence (Reidel et al., 1994a; Beeson et al., 1989a;
Reidel and Tolan, 1992). They combined to produce a regional
gradient to the west for the flows.

Tolan et al.

Stratigraphic Subdivisions of the CRBG and Their
Identification

Detailed study and mapping of the Columbia River flogg.
basalts has allowed for the establishment of stratigraphic unjs
that can be reliably identified and correlated on a regional basig
{e.g., Swanson et al., 1979, 1979b; Beeson et al., 1985; Reide] et
al., 1989b; Wells et ab., 1989; Reidel, 2005). The CRBG has beep
divided into five formal formations (Swanson et al., 1979b)-tha
Imnaha, Grande Ronde, Picture Gorge, Wanapum, and Saddle
Mountains Basalts (Fig. 2). Figure 5 presents a series of mapg
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Figure 3. Plot showing the emplacement history for the Columbia River Basalt Group (CRBG) units based on volume estimates from Tolan et al.
{1989). Note the change in scale for volume.
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showing the distribution of currently defined CRBG units. The
field trips will examine mainly units belonging to the Grande
Ronde, Wanapum, and Saddle Mountains Basalts.

CRBG units are identified using a combination of lithol-
ogy. paleomagnetic properties, and geochemical composition
with regard to superposition {Swanson et al., 1979b; Beeson et
al., 1985, 1989a; Reidel et al., 1989b; Wells et al., 1989: Reidel,
1998, 2005). Lithology, paleomagnetic polarity, and superposi-
tion can be used to identify and map CRBG units in the field. The
most important aspect of the lithology of CRBG units is the pres-
ence or absence of plagioclase phenocrysts (e.g., see Swanson et
al., 1979b; Beeson et al., 1985; Reidel et al., 1989b). Variations
in the relative abundance, sizes, and habits of the plagioclase
phenocryst are often the best field diagnostic criterion for cer-
tain CRBG units. Some CRBG units (e.g., Frenchman Springs
Member flows; Fig. 2) have several distinct size populations of
plagioclase phenocryst. If the plagioclase phenocrysts are very
small in size (0.1-0.5 c¢m), they are often referred to a “micro-
phenocrysts™ (“microphyric™) to distinguish them from larger
(0.5 to >3 cm) plagioclase phenocrysts or clots of plagioclase
phenocrysts (“glomerocrysts™). Macroscopic olivine and augite
phenccrysts are rare but do occur in a few CRBG units (e.g.,
Pomona Member, Saddle Mountains Basalt; Meyer Ridge Mem-
ber, Grande Ronde Basalt) and serve as a distinguishing charac-
teristic in the field,

Determination of the paleomagnetic polarity of CRBG flows
{using a portable fluxgate magnetometer in the field) has proved
to be an important criterion in the identification and mapping
of CRBG units. Paleomagnetic laboratory analysis of oriented,
small-diameter cores from CRBG flows have established that
certain CRBG flows possess distinctive paleomagnetic directions
{e.g., Rietman, 1966; Kienle, 1971; Coe et al., 1978; Choiniere
and Swanson, 1979; Van Alstine and Gillette, 1981: Magill et al.,
1982; Reidel et al., 1984; Beeson et al., 1985; USDOE, 1988:
Wells et al., 1989, this volume). Although field collection of ori-
ented cores can require much effort and be challenging, paleo-
magnetic data from this work has proved to be extremely useful
in helping to establish and correlate CRBG units,

Over the past 30 years the CRBG has been extensively ana-
lyzed for major oxides, minor oxides, and trace and rare earth
elements, which, coupled with other field criteria, has been used
to establish a regional-scale, mappable, stratigraphy {(Wright
et al, 1973, 1989; Swanson et al., 1979b; Beeson et al., 1983:
Reidel et al., [989b; Wells et al., 1989; Hooper, 2000; Reidel,
2005). A major reason that CRBG peochemical stratigraphy was
possible on a regional scale was due to the remarkable “bulk”
geochemical homogeneity of individual CRBG eruptions despite
their huge volumes and distances traveled (Wright et al., 1973,
1989; Beeson et al., 1985; Reidel et al., 198%b: Hooper, 2000).
Apparent geochemical heterogeneity within CRBG flows is
often due to varying degrees of secondary weathering and altera-
tion of the CRBG flow that may not always be obvious (Wells
et al., this volume). Therefore care must be exercised to always
obtain the freshest rock for analysis, especially when the data

Tolan et al.

are used for Grande Ronde Basalt and Frenchman Springs Men,.
ber (Wanapum Basalt) unit identification. There are a few docy-
mented examples of primary geochemical heterogeneity within
CRBG flows (e.g., minor crystal settling—Reidel and Tolan,
1992; surface mixing of CRBG flows—Reidel and Fecht, 1987
Reidel, 1998, 2005), but these appear to be the exception rather
than the rule.

Table 1% presents geochemical composition of selected
CRBG units. Although this selection does not include every
CRBG unit known, it provides geochemical compositions of
many of the CRBG units that will be encountered during the
field trips.

Generally the most diagnostic elements to consider are Tio,
P205, Cr, MgO, Zr, and Ba.

Saddle Mountains Basalt units typically have a much wider
and diverse range of geochemical composition than the other
older CRBG formations (Figs. 6A and 6B; Wright et al., 1989,
Heoper, 2000; Reidel et al., 2002). The geochemical composition
of Wanapum Basalt units generally falls into two broad group-
ings, the first encompassing the Shumaker Creek, Priest Rapids,
Roza, and Frenchman Springs Members, and the second consist-
ing of the older Eckler Mountain Member units (Fig. 6B; Wright
et al,, 1989; Hooper, 2000). Flows of the Wanapum Basalt
typically will have higher TiO, than the Grande Ronde Basalt.
Grande Ronde Basalt members display a refatively narrow range
of geochemical compositions that typically exhibit small, but sig-
nificant, variations in TiOz, PZOS, Cr, and MgO (Fig. 6B; Table 1
[see footnote 17). _

When collecting CRBG samples for analysis, care should
always be taken to obtain the freshest samples possible. This
is especially important when dealing with CRBG units {e.g.,
Grande Ronde Basalt members) where the diagnostic geochemi-
cal variations have a small range. Table 2 presents a series of
analyses from samples, collected at different locations, from the
center portion of the same Sentinel Bluffs Member flow (Grande
Ronde Basalt) in the northern Willamette Valley, Oregon. Degree
of weathering for the samples reported in Table 2 increases from
none (fresh, dark-gray--black-appearing basalt—sample AU-2)
to moderate (light-gray oxidized-appearing basalt—sample
WE-850). As shown in Table 2, even slight to moderate weather-
ing can significantly alter the geochemical “signature” of CRBG
flows. This underscores the importance of using the multiple cri-
teria approach for the identification of CRBG units and not rely-
ing on a single criterion, such as geochemistry, alone.

Intraflow Structures

Intraflow structures are primary, internal features or stratified
portions of basalt flows exhibiting grossly uniform macroscopic

'GSA Data Repository Item 2009244, Table 1, geochemical data on selected
CRBG units, is available at www.geosociety.org/pubs/ft2009 him, or on request
from editing@geosociety.org, Documents Sccretary, GSA, P.O. Box 9140,
Boulder, CO 80301-9140, USA,
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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 a’a-like textures, or it may be rubbly to brecciated
(Waters, 1960; Diery, 1967, Swanson and Wright, 1981). Typi-
cally a CRBG flow top occupies ~10%-20% of the thickness of
a flow, but in extreme cases, it can range from <1% to >90% of
the entire flow thickness. The physical character of flow tops fails
between two basic end-members, a simple vesicular flow top and
a flow-top breccia (Figs. 7 and B).

A simple vesicular flow top (Fig. 8A) commonly consists
of glassy (o fine-grained basalt that displays a rapid increase in
the density of vesicies as you near the top of the flow (USDQOE,
1988; McMillan et al., 1989). Vesicles may be isolated or inter-
connected (UUSDOE, 1988). CRBG simple vesicular flows com-
menly display features and textures indicative of pahoehoe flows
(i.€., has a glassy, smooth, and billowy or undulating surface).

A flow-top breccia (Fig. 8B} consists of angular, scoriaceous
to vesicular fragments of basaltic rubble that lies above a zone
of nonfragmented, vesicular to vuggy basalt. Flow-top brec-
cias can be very thick (over half the flow thickness—more than
30 m thick) and laterally extensive (USDOE, 1938). There are
two models for the origin of CRBG flow-top breccias: (1) the sco-
ria (breccia) was originally produced along the linear fissure sys-
tem and subsequently rafted away on top of the flowing lava and
{2) an autobrecciation process similar to that which creates a’a
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flows in Hawaii. In either case, laterally extensive flow-top breg.
cias are relatively common flow-top feature within the CRBG,

Dense Interior

CRBG flow interiors typically consist of dense, nonvesicy.
lar, glassy to crystalline basalt that contains numerous contrac.
tion joints (termed “cooling joints”). These cooling joints formeg
in response fo tensional stress created by the contraction of
solidified portions of a flow as it cooled below the solidus {Spry,
1962). CRBG cooling joints most often form regular patterns or
styles, with the two most common being entablature-colonnade
and columnar-blocky jointing (Figs. 7 and 9). Columnar-blocky
jointing typically consists of mostly vertically oriented, poorly
to well-formed, polygonal columns (Figs. 9A .and 9B) that can
range from 0.5 m to greater than 3 m in diameter. The vertical
columns are often cut by horizontal to subhorizontal cooling
Joints. Entablature-colonnade jointing (Fig. 9C) displays a more
complex pattein that forms within a single flow. The entabla-
ture portion displays patterns varying from numerous, irregular
jointed small columns to randomly oriented cooling joints that
abruptly overlie a thinner zone displaying well-developed colum-
nar jointing. The transition zone between the entablature and the
basal colonnade may be very narrow, generally less than several
ceatimeters in width. Typically the entablature is thicker than
the basal colonnade, often comprising at least two-thirds of the
total flow thickness. Another characteristic of entablatures is that

K: 102 t0 102 m/s {10° to 105 fi/d)

K: 109 to 10 m/s (107 10 10 ft/d)

INTRACANYON FLOW

OVERFLOW AREA, AXIS OF CANYON
Columnar-blocky | [ Vasicular
jointing flow top
Typical lack of
extensive pillow lavas b )
and hyaloclastite i Massive
entablature
SCALE 5
1¢m Sy i
I Sy FAY
0 4.’ et i?f‘_:}!_-‘f,g'j
Basal ' l " ,
golonnads Base
1352 o of flow
Fluvial
sediments

Figure 7. Diagram depicting Columbia River Basait Group (CRBG) intraflow structures associated with sheet flows and intracanyon flows.




Figure 9. Cooling joint patterns (styles) for Columbia River Basalt
Figure 8. Columbia River Basal: Group (CRBG) flow tops. (A} Simpie Grqup (CRBG) <.:le‘nse interiors. (A) Pnsman(_: c_olgmnar]omtmg with
vesicular fow. White dots delineate the contact and rock hammer for horizontal platy. 3,0”¥ts' (B} Blocky-columnar jointing. (C) Entablature }
scale. Note the “normal” flow hottom of the overlying flow. (B) Flow-  and colonnade jointing.

top breccia.
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the basalt comprising it contains a very high percentage of glass
(50%—95%) in contrast to the colonnade {Long and Wood, 1986;
USDOE, 1988). While entablature-colonnade jointing style is
commonly observed in CRBG flows, it is actually a very uncom-
mon jointing pattern for lava flows elsewhere in the world, The
origin of entablature-colonnade jointing has been the subject of
much speculation and conjecture (e.g., Long and Wood, 1986;
Reidel et al., 1994b), but it has not been resolved.

Frequency and spacing of cooling joints measured in out-
crops indicate that frequencies typically 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 {num-
ber of meters per fracture) appears to follow a.log normal distri-
bution for groups of cooling joints with similar attitudes. Meints
(1986) found that the spacing of cooling joints was highly vari-
able both between flows and within flows and could not be used
to differentiate flows and intraflow structures.

Cooling joints are distinct from secondary tectonic fractures
such as faults, shear zones, and joint sets. These secondary fea-
tures are distinguishable by their appearance and occurrence.
Tectonic fractures typically occur in sets of parallel to subpar-
atlel, closely spaced fractures. The presence of associated shat-
ter breccias and gouge (often altered to clay) distinguishes them
from cooling joints,

Flow Bottoms

The physical characteristics of CRBG flow bottorns (Fig. 10)
are largely dependent on the environmental conditions the molten
lava encountered as it was emplaced (Mackin, 1961; Swanson and
Wright, 1978, 1981; USDOE, 1988; Beeson et al., 1989a; Reidel
et al., 1994b; Beeson and Tolan, 1996). If the advancing CRBG
lava encountered relatively dry ground, the flow bottom that
results typically consists of a narrow (<1 m thick) zone of sparsely
vesicular, glassy o very fine grained basalt {e.g., Fig. 9A). This
type of flow bottom structure is very common within the CRBG.

I advancing CRBG lava encountered lakes, rivers, and/
or areas of water-saturated, unconsolidated sediments, far
more complex flow bottom structures formed (Mackin, 1961;
Schmincke, 1967a, 1967b; Bentley, 1977; Byerly and Swanson,
1978; Grolier and Bingham, 1978; Swanson and Wright, 1978,
1981; Beeson et al., 1979, 1989a; Swanson et al., 1979b; Bentley
et al., 1980; Camp, 1981; Stoffel, 1984; Tolan and Beeson, 1984;
Pfaff and Beeson, 1989; Ross, 1989; Reidel et al., 1994b; Bee-
son and Tolan, 1996; Wells et al., this volume). Where advancing
lava encountered a lake, a pillow lava complex (Fig. 10A) would
be created as the lava flowed into the lake. A pillow complex
consists of elongate to spherical lobes of basalt (pillows) set in a
matrix of glassy basalt fragments (hyaloclastite). The pillows rep-
resent subaqueous pahoehoe flow lobes that advanced down the
front of the pillow lava delta. Studies of the active formation of
basaltic pillow lavas in Hawaii (e.g., Moore et al., 1973; Moore,
1975; Tribble, 1991) indicate that molten lava can smoothly flow
into the ocean without thermal disruption (phreatic brecciation)
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as long as a thin film of highly insulating steam protects the lavy
This process allows for the formation of subagueous lava tubes
(pahoehoe flow lobes that advance and grow in a manner simj.
lar to observed on land (Swanson, 1973; Moore, 1975; Hon ¢
al., 1994). Disruption of this insulating steam barrier (e.g., wave
action, currents, and gas explosions within the lava lobe) allows
water to come into direct contact with melien lava resulting ig
the production of glassy debris (hyaloclastite) by phreatic brec-
ciation. CRBG pillow lava complexes and hyaloclastites arp
not an uncommon feature, but their occurrence and distribution
reflects the paleodrainage pattern that existed at the time of their
emplacement (Tolan and Beeson, 1984, Fecht et al., 1987; Bee-
son et al,, 1989a; Reidel et al., 1994b; Beeson and Tolan, 1996),

A rare type of flow bottom structure is a spiracle (Fig. 10B).
Spiracles are inferred to have been created when flowing lava
rapidly crossed wet sediments and the trapped water within
the sediments is explosively converted to steam. This localized
phreatic explosion chills the overlying lava creating an irregu-
lar, cylindrical feature that is partially filled with glassy, angular
debris (hyaloclastite and breccia). Spiracles can range from | m
to more than 15 m in diameter and can extend upward through
CRBG flows for distance of | m to more than 30 m. Cominonly,
spiracles terminate within the flow, but in rare cases they can
pass entirely through the flow. In general, pillows form where
there is a higher ratio of water to lava and spiracles form where
that ratio is much lower.

The last type of flow bottom structures involves lava and sed-
iment interaction that created a wide range and scale of invasive
features. Tongues and lobes of lava emanating from the base of
advancing CRBG flows occasionally burrowed into poorly con-
solidated sediments due to inherent density differences. Where
this invading tava encountered water-saturated sediments, phre-
atic brecciation sometimes occurred creating a basalt and sedi-
ment mixture called a “peperite” (Schmincke, 1967a; Fig. 10C).
CRBG flows are known to not only invade sediments but were
also capable of lifting and rafting sediment (Byerly and Swanson,
1978; Swanson and Wright, 1978; Beeson et al., 1979, 1989;
Stoffel, 1984; USDOE, 1988; Ross, 1989). Invasive flows (Fig.
10D2) can be identified based on several different criteria:

(1) the flow top is abnormally thin and consists of glassy,
sparsely vesicular to microvesicular basalt;

{2) sediment immediately overlying the thin glassy flow top
exhibits evidence of exposure to very high temperatures (ie.,
baking), which are normally only associated with flow bottoms;

(3) dikelets and/or lobes are present originating at and extend-
ing from the flow top into the overlying sediments;

(4) bedding structures within the sedimentary interbed are
disrupted and deformed with no obvious tectonic cause (faulting
and folding); and/or

(5) the sedimentary interbed is not in its expected strati-
graphic position.

CRBG invasive flows are also common in the coastal regions
of northwestern Oregon and southwest Washingion. Originally
these invasive flows were believed to be feeder dikes and sills
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for the Miocene coastal basalt; these dikes and sills were thought
to have come from the same source (magma chamber) as the
CRBG, but they were erupted in coastal Oregon and Washington
contemporaneously with CRBG eruptions on the Columbia Pla-
teau (Snavely et al., 1973). Subsequent investigations {Beeson et
al., 1979; Niem and Niem, 1985; Pfaff and Beeson, 1989; Wells
et al., 1989; Beeson and Tolan, 2002; Wells et al., this volume)
have shown that these coastal basalts represent the distal ends of
CRBG flows and are classic examples of invasive flows.

Figure 10. Columbia River Basalt Group (CRBG) flow bottoms.
{A) Ginkge (Frenchman Springs Member, Wanapum Basalt) pillow
lava complex exposed near Vantage, Washington. Note the lobes of
lava are surrounded by glassy fragmental debris (hyaloclastite).
(B) Spiracle exposed in the base of a Sand Hollow {Frenchman Springs
Member, Wanapum Basalt) flow at Frenchman Coulee, Washington.
The base of the right spiracle is estimated ~1 m in diameter, The white
arrows outline the spiracles; a hammer for scale is circled. (C) Peperite
(mix of basalt and diatomite) exposed in roadcuts at Frenchman Cou-
lee, Washington. (D) The top of the invasive Ginkgo flow (Frenchman
Springs Member, Wanapum Basalt) and “rafted” Vantage interbed ex-
Posed in Rock Creek, west of Bickleton, Washington.
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Other Internal Features

Other intrafiow features observed within the interor of
CRBG flows include:

(1) 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 size; cylinders are larger but there
s no size break. Vesicle cylinders, pipes, and sheets usually occur
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in relatively thin flows (5-30 m) that are composed of mainly
colonnades and flow tops.

(2} Vesicle sheets: Vesicle sheets are horizontal to subhori-
zontal layers of vesicles. They typically are fed by vesicle cylin-
ders and form below the solidification front. Vesicle zones within
the interior of thicker flows can vary from centimeter to meters
thick and can be laterally continuous, sometimes for kilometers.

(3) Vesicle zones: Vesicle zones are usually larger than
vesicle sheets but probably form in much the same way. Vesicle
zones can be up to several meters thick and are typically in the
interior part of the lava flow.

(4) Laminae or dispersed diktytaxitic vesiculation: Diktytax-
itic vesiculation or interstitial crystal-bounded vesicles can occur
anywhere but is most prominent in thinner flows,

(5) Lava tubes: Lava tubes are rarely observed in CRBG
flows except near their terminal marging. This is because CRBG
flows were emplaced as sheet flows and were not tube fed as
Hawaiian compound flows are.

(6) Sag flowouts: Sag flowouts are described as localized
zones of complex tiering 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 vesicula-
tion to cccur at the top of the remaining liquid.

Intraflow Structure Variation

Intraflow structures can be continuous for great distances,
but the thickness and appearance of the intraflow structures are
often highly variable. Lateral variations can occur gradually in
some cases and very abruptly in other cases. The primary fac-
tor that appears to control changes is the environment where the
feature formed. Studies in the central Columbia Basin (USDOE,
1988) showed that lateral changes in the Umtanum Member
(Grande Ronde Basalt; Fig. 2), 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 (Sentinel Bluffs Member, Grande Ronde
Basalt), which has a normal flow top with a thick entablature and
thick colennade, documented gradual changes with distance.

The composition of the palec—ground surface, and whether
it is wet or dry, appears to be a significant environmental con-
sideration (Swanson and Wright, 1981). A dry basalt flow top
has the least impact on the overlying flow, which probably is the
situation for gradual changes in intraflow textures with distance.
In contrast, wet sediment is the worst case and may be the cause
of rapidly changing intraflow structure thickness. Wet sediments
can rapidly reduce the temperature of the lava that increases
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 is suggestive that lava
was injected into the lobes (inflated) even after it came to rest.
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Flow Geometries

Sheet versus Compound Flows

Rate and volume of lava erupted, lava composition apg
temperature (rheology), vent geometry, topography, and envi.
ronmental conditions all play significant roles in fiow theology
and emplacement dynamics, and overall geometry of individyg]
basalt lava flows or flow fields (Shaw and Swanson, 1970; Bee.
son et al., 1989a; Martin, 1989, 1991; Reidel and Tolan, 1992,
Reidel et al., 1994b; Hon et al., 1994; Self et al., 1996, 1997,
Keszthelyi and Self, 1998; Reidel, 1998). There are two basic
types of flow geometries—compound and sheet (Fig. 11).

A compound flow develops when the lava flow advanceg
away from ifs vent in a series of distinct and separate lobes
(flows) of flowing lava. Each lobe is subsequently covered by
later lava lobes as the emplacement of lava continues. This results
in the accumnulation of elongated bodies of basalt with numerous,
focal, discontinuous, and relatively thin layers of basalt lava. In
comparison, a sheet flow results when lava is erupted at a high
rate and is able to advance away from the vent as a single, uni-
form, moving sheet of lava. This type of flow consists of a rela-
tively extensive, single layer or “sheet” of lava. Each successive
sheet flow will create a similar layer, with the flow boundaries
being delineated by distinct vesicutar flow tops and flow bottoms.

Individual, large-volumme CRBG flows (especially Grande
Ronde and Wanapum Basalts) display characteristics consisteni
with sheet flows (Swanson et al, 197%a; Beeson et al., 1985,
1989a; Tolan et al., 1989; Reidel et al., 1989b, 1994b; Beeson
and Tolan, 1990, 1996; Reidel and Tolan, 1992; Reidel, 1998,
2005). CRBG flows typically only exhibit the complex features
associated with compound flows at their flow margins or distal
ends (Beeson et al., 1989a; Reidel and Tolan, 1992; Reidel et al.,
1994b; Beeson and Tolan, 1996; Reidel, 1998). Such “atypical”
flow morphologies are more commonly found along the margins
of the CRBG (as expected) but can also be found in the basal
(oldest present) CRBG units in the Willamette Valley region (Bee-
son et al., 1989a). Beeson et al. (1989a) attributed these atypical
flow morphologies in the oldest CRBG flows to pre-emplacement
environmental “ground” conditions. Specifically they were refer-
ring to ground conditions that resulted in the rapid heat extraction
from the advancing CRBG lava flow, such as wet sediments or
standing water (usually associated with topographic and structural
lows), which caused the advancing flow to form relatively thick,
energy-conserving flow lobe. Such flow lobes can be many tens
of meters thick and formed constructional topography that subse-
quent CRBG sheet flows had to contend with. Excellent examples
of such CRBG flow lobes are exposed in the Willamette Valley in
the Turner, Oregon, area (Tolan et al., 2000a).

Intracanyon Flows

A much less common mede of emplacement for CRBG
flows is as an intracanyon flow. In this case, an advancing CRBG
sheet flow encounters a major river canyon that served to channel
the lava into a ready-made conduit downslope. Such paleoriver
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canyons undoubiedly allowed some CRBG flows (o travel sig-
nificantly greater distances than they might have as sheet flows.

The development of major canyons by rivers within the
ancestral Columbia River system during CRBG time was in
large part governed by the length of time between large-volume
CRBG flows. The emplacement of large-volume CRBG flows
typically inundated existing low-lying areas which also resulted
in the obliteration of the medial to distal reaches of the ances-
tral Columbia River system. While this portion of the drainage
system was essenlially destroyed, the upper reaches outside the
flood-basalt province remained intact. This disarrangement of the
drainage system often resulted in the formation of lakes along
the margin of the newly emplaced flow, but inevitably (months
to centuries later) the streams and rivers established new courses
proximal to the margin of the CRBG flow,

Like CRBG flows, the ancestral Columbia River system
was also directed by major tectonic features (i.e., Palouse Slope,
Colurmbia Basin, Yakima Fold Belt, Columbia Trans-Arc Low-
land) and continved regional subsidence to produce a westward,
regional down-gradient flow. In the western Columbia Plateay
and Columbia Trans-Arc Lowland, continuing subsidence of
Yakima Fold Belt synclines during CRBG time was very impor-
tant in that these synclines provided regional-scale pathways for
the ancestral Columnbia River.

During the peak period of CRBGQ eruptive activity (17—
15.6 Ma), the duration of quiescent periads between emplace-
ment of large-volume flows averaged ~13.000 ¥1 (Reidel et al.,

—
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19892, 1989b) and did not provide the time needed for the inci-
sion of major canyons. This changed during the waning phase
of CRBG eruptive activity (15.6-6 Ma) when the length of qui-
escent periods between CRBG eruptions dramatically increased
{(commonty lasting 200,000 to >1 ,000,000 y1), and was accompa-
nied by a general reduction in the size (volume) of CRBG flows
(Tolan et al., 1989). These factors created opportunities for the
ancesiral Columbia River system to incise major canyons.

CRBG Dikes and the Chief J oseph Dike Swarm

Based on previous work as well as his own reconnaissance
mapping, Waters (1961) identified three dike swarms as feed-
ers to the CRBG-—the Monument, Grande Ronde, and Cornu-
copia. Additional mapping by Taubeneck (1970) found no gap
between the northerly Grande Ronde and scutherly Cornu-
copia swarms and merged them into a single giant swarm that
he named the Chief Joseph (Fig. 1). Beeson et al. (1985) and
Reidei et al. { 1989b) have extended the dike swam to the north-
central and northeastern margin of the basalts based on a detailed
study of units within the Wanapum and Grande Ronde Basalts.
Chief Joseph dikes fed the main phase of CRBG volcanism that
dominates the Columbia River Flood-Basalt Province, including
huge-volume (>2500 km®) flows of the Imnaha, Grande Ronde,
and Wanapum Basalts. Dikes in the Monument swarm fed many
of the Picture Gorge flows (Brown and Thayer, 1966; Wilcox and
Fisher, 1966; Fruchter and Baldwin, 1975; Bailey, 1989).

Compound Flows

Sheet Flows

Figure 11. Comparson of compound
versus sheet lava fow morphologies.
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Taubeneck (1970) estimates that at least 21,000 dikes occur
in the Chief Joseph swarm at the level of the regionaf uncon-
formity below the CRBG. Overall, dikes are exposed at deeper
siratigraphic levels southward through the swarm, due to uplift
and erosion of the Wallowa and Blue Mountains. In the Colum-
bia River Flood-Basalt Province, dikes are dominantly hosted
by older CRBG units. In the Wallowa Mountains (Fig. 1) and
southward, dikes are hosted in pre-Tertiary rocks, dominantly in
granitoids with fewer in metasediments. Concentrations of dikes
diminish rapidly at or within several kilometers of granitoid
pluton margins, suggesting that dikes are preferentially hosted
in these plutons, where local jointing controls their orientation
(Taubeneck and Duncan, 1997; Taubeneck, 1998).

Dike Distribution and Geometry

In the past, it was assumed that dike density increased from
north to south across the Chief Joseph dike swarm and hence cor-
related with increasing depth of erosion. In the Columbia River
Flood-Basalt Province, dike concentration has been proposed to
be less than three dikes per km? (Taubeneck, 1970). This concen-
traticn increases to around eight dikes per km? in the Wallowa
Mountains (Taubeneck, 1970), and is as great as 10—12 dikes per
km? south of the Wallowas (Taubeneck, 1989, 1990), probably
due to exposure rather than actual dike density. The greatest num-
ber of flows, and hence dikes, occurs north of the Washington-
Oregon border suggesting that more dikes occur in the northern
part of the province. Dikes are rarely isolated but instead occur
in closely spaced clusters of 7-12 dikes per km? presumably,
each cluster or subswarm represents an eruptive axis for CRBG
volcanism (Taubeneck and Duncan, 1997).

The overall trend of the Chief Joseph swarm is NIO°W =
10°, yet each subswarm has its own distinct orientation. The
majority of dikes dip within 30° of vertical. Dikes hosted in pre-
Tertiary rock in general are thicker than those hosted in CRBG
flows, averaging 7.3 m and 5.8 m thick, respectively, but rarely
exceeding 25 m thick (Taubeneck, 1970). Dike length ranges
from a few hundred meters to 60 km, although many dikes occur
in en echelon segments.

Dike-Wallrock Relationships

Dikes hosted in CRBG flows are chilled against their wall-
rock, commonly with centimeter-thick glassy margins. Dikes
hosted in granitoids of the Wallowa and Blue Mountains, how-
ever, display more complex interactions with their wallrock
{Taubeneck, 1970). These dikes have one or more of the fol-
lowing morphologies: dikes with chilled margins, dikes with
quenched partially melted wallrock at their margins, dikes that
have eroded their margins, and dikes containing whole to disag-
gregated crustal xenoliths that constitute locally as much as 30%
of the dike (Grunder and Taubeneck, 1997). The majority of dikes
hosted in granitoids have an aphyric chilled margin of basalt (a
few cm thick) at the dike-wallrock contact. Rare dikes have
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caused partial melting in their wallrock; these partial melt zoneg
{(preserved as silicic glass plus mineral phases) are up to one.
half the thickness of the dike and contain up to 50% quenchegd
silicic melt. Dikes may alsc locally erode the chilled basalr z
their margins, producing localized (cm-scale) zones of wallrock
breakdown and a few percent melting. Only a handful of dikes
contain granitoid or metasedimentary xenoliths that range from
a few centimeters to 6 m in diameter (Taubeneck, 1970; Gorham
and Martin, 2004). The majority of these xenoliths appear to be
locally derived from stoping of wallrock.

Correlation of Dikes with Flows

Most Chief Joseph dikes have been identified to formation
level, and some have been correlated with individual CRBG
flows (Fig. 12). In general, dikes of Grande Ronde and Wanapum
Basalts are located throughout the swarm, although exposures
of Wanapum dikes and Grande Ronde flows indicate that they
extend to the northern border of the province (Reidel et al., 1989b;
Reidel, 2005). Saddle Mountains Basalt dikes occur in the north-
ern half of the Chief Joseph swarm and are localized near the
center of the Columbia Plateau (Fig. 1). Imnaha dikes are only
exposed near the Oregon-Washington horder and southward, but
northern Imnaha dikes may be buried by younger flows. Within
the northern half of the Chief Joseph swarm, the dikes and vents
for Frenchman Springs Member tend to be nearer to the center
of the Columbia Platean; Priest Rapids dikes are nearer to the
eastern margin of the Columbia Platean along and east of the
Washington-Idaho border; and the vents and dikes for the Roza
Member form a 175-km-long system between the Frenchiman
Springs and Priest Rapids systems.

Many Wanapum and Saddle Mountains dikes have been cor-
related with individual flows based on direct observation of dike-
flow connections. For example, the vent-fissure system for the
Frenchman Springs flows, Ice Harbor flows, and the Roza flows
are well known (Swanson et al., 1975; Martin, 1989, 1991). Direct
connections between vents and flows have been observed for the
Teepee Butte Member of the Grande Ronde Basalt (Reidel and
Tolan, 1992) and the Umatilla Member of the Saddle Mountains
Basalt (Reidel, 1998). In the absence of direct dike-flow connec-
tions, dikes have been successfully correlated with CRBG flows
on the basis of compositional, petrographic, and paleomagnetic
data (e.g., Price, 1977; Ross, 1983; Mangan et al., 1986; Reidel,
1998). The major and trace element composition of CRBG units
is well established {e.g., Hooper, 2000} and provides a basis for
compositional identification of dikes and dike-fiow correlations.

Estimating CRBG Emplacement Rates from Dike-
Wallrock Relationships

Emplacement rates and mechanisms of large-volume flood
basalts have been a matter of some coniroversy, Early workers
{Shaw and Swanson, 1970) suggested emplacement as turbulent
flows racing across the landscape in weeks to months. However, in
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analogy to inflated pahoehoe flows observed in Hawaii (e.g., Hon
et al., 1994; Self et al,, 1996), it has been proposed that CRBG
flows were emplaced as large, inflated flow fields. Flow inflation
occurs as centimeter-scale lobes of lava develop a chilled, vis-
coelastic skin, and then expand with continued injection of fluid
lava. Study of a CRBG flow (a Ginkgo flow, Frenchman Springs
Member, Wanapum Basalt; Fig. 2) by Ho and Cashman (1997)
concluded that less than 0.04 °C/km of heat loss had occurred
along the 500-km-length of this flow suggesting emplacement
under an insulating crust and/or rapid emplacement. Thordarson
and Self (1998) have described lobes and other inflation struc-
wres in flows belenging to the Roza Member {Wanapum Basalt;
Fig. 2). Inflation is also consistent with some compositional data;
Reidel and Fecht (1987) and Reidel (1998) described compo-
sitionally zoned Saddle Mountains Basalt and Grande Ronde
Basalt flows (Reidel, 2005) where progressively younger lava is

preserved toward the center in a single cooling unit, which they
interpret as the result of “surface mixing” of lava flows.
Whereas flow inflation is recognized as a critical mechanism
for flood-basalt emplacement, controversy persists over eruption
and emplacement rates. Slow emplacement over years to a few
decades is advocated in the CRBG based on conductive cool-
ing models in the Roza Member (Thordarson and Self, 1998),
and is supported by thermal models (Keszthelyi and Self, 1998).
Compositional data, however, are more consistent with eruption
and emplacement over timescales of weeks o months (Reidel
et al., 1994b). Reidel and Fecht (1987) and Reidel (1998, 2003)
documented examples where two flows were preserved in indi-
vidual dikes and vents, yet mixed together to form a single flow
more than 200 km from the source, requiring rapid emplacement.
Interestingly, recent thermal models by Keszthelyi et al. (2006)
incorporate aspects of both “slow” and “rapid” emplacement.
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They envision a “typical” 1000 km® flood-basalt lava flow being
emplaced as inflated sheet flows in under six years; however,
they also propose that individual batches of lava traveling some
100-300 km beneath an insulating crust from the vent to the Alow
front in no more than ten days.

Petcovic and Grunder (2003) analyzed wallrock melting
reactions in tonalite adjacent to the Maxwell Lake dike, a likely
feeder to Wapshilla Ridge flows, the largest of all Grande Ronde
Basalt members (Fig. 2), having an emplaced volume estimated
at ~50,000 kin® (Reidel et al., [989b). Field work by the authors
has shown that only one main dike is known for the Wapshilla
Ridge Member.

Petcovic and Dufek (2005) used two types of models
constrained by the field example of the Maxwell Lake dike in
order to assess the rate of basalt eruption from development
of wallrock melting due to basalt intrusion. Static conduction
results suggested that sustained basalt flow for three to four
years caused development of the melt zones observed in the
dike. Advective transport simulations suggested that the initial
basalt velocity in the dike center was ~10 m/s, but that basalt
at the dike margin solidified, causing constriction and slowing
of flow. After ~60 days, magma in the dike reached a sustained
velocity of ~2 m/s for the duration of flow. Wallrock melting
was initiated after approximately one year of low, and the wall-
rock had dropped below its solidus temperature within approxi-
mately two years after flow ceased. The thickness, distribution,
and fractions of wallrock melt zones produced by advective
transport modeling closely approximate field observations of
the Maxwell Lake dike (Petcovic and Dufek, 2005). Model
results suggest that the dike was active for three to four years
and likely represents a long-lived point source in flood-basalt
eruptions. Furthermore, this suggests that >1000 km® of lava
were erupted per month, consistent with estimates of eruptions
rates made by Reidel et al. (1994a), Reidel and Tolan (1992),
and Reide] (1998, 2005).

Implications for CRBG Flow Emplacement

Results of the simulations allow limits to be estimated for
eruption rates of the Wapshilla Ridge flow. Assuming that the
Maxwell Lake dike fed the entire Wapshilla Ridge Member of
50,000 km® over a period of three to four years yields an aver-
age eruption rate of 30-30 km*/day. The eruption rate would
have been lower, if flow in the dike were intermittent rather than
continuous. Intermittent flow has been documented in historical
basalt eruptions and during eruption of the Teepee Butte Mem-
ber of the Grande Ronde Basalt (Reidel and Tolan, 1992). Some
pauses during eruption cannot be ruled out, vet the lack of inter-
nal contacts as well as the regular textural progression across the
dike and wallrock melt zones is more consistent with nearly con-
tinuous flow and a single cooling history.

The advective transport simulation provides a minimum esti-
mate of basalt flux in the dike. Flow was assumed to be localized
along the portions of the Maxwell Lake dike with partially melted
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walrock margins, whichyields aninitial basalt flux of ~0.8 krn¥/dq
waning rapidly to a sustained flux of ~0.1 km%day (Table 3),
Waning discharge is commonly documented in basaltic eruptiong
{c.g., Wadge, 1981). However, cumulative magma discharge
under this scenario produced a total flow volume of only 150 k»
over four years. Clearly other fissure segments must have fed tge
same flow in order to produce a 2500-5000 km® cumulative vo).
ume typical of Grande Ronde flows. Based on the distribution of
the Wapshiila Ridge unit, we estimate that the dike-fissure sys-
tem was at least 100 km long. In historical basalt eruptions (eg,
Laki 1783 and Mauna Loa 1984), as well as has been proposed
for the Roza Member fissure system (Martin, 1989, 1991; Self et
al., 1997), eruptive activity migrated along the length of the dike.
fissure system, with each fissure segment active for short periods
(Table 3). The existence of additional dike segments feeding the
Wapshilla Ridge unit has not been determined.

Volumetric eruption rates calculated on the basis of the
thermal models for a typical Wapshilla Ridge flow are within the
range reported for other CRBG eruptions (Table 1; see footnote
1}. Minimum eruption rates are comparable to rates estimated
from slow emplacement models for the Roza flow (Self et al.,
1997; Thordarsen and Self, 1998). Maximum eruption rates are
an order of magnitude lower than rates calculated using rapid
emplacement models (Swanson et al., 1975; Reidel and Tolan,
1992), yet they are an order of magnitude higher than slow
emplacement estimates. Wapshilla Ridge eruption rates are
similar to the maximum eruption rate of 0.2 km*/day reported
for the 1783 Laki (Skaftdr Fires) eruption, the largest histori-
cal fissure eruption (Thordarson and Self, 1993). Although the
maximum calculated volumetric eruption rate is consistent with
models of rapid flow emplacement, the calculated minimum
eruption rates and longevity of the Maxwell Lake dike (three to
four years) support slower emplacement models (Petcovic and
Dufek, 2005).

Model results suggest that the Maxwell Lake dike sustained
high magma flux for at least several years. The transition from
fissure eruption to localized vents during basaltic volcanism is
often explained as a function of cooling in narrow portions of
dikes coupled with enhanced flow in thicker portions, resulting
in isolated, fong-lived vents (e.g., Delaney and Pollard, 1982
Bruce and Huppert, 1990). This process may also explain the
presence of wallrock melt zones only along two portions of the
Maxwell Lake dike, which experienced higher mass and heat
fiux as surrounding portions of the dike solidified. Wallrock melt
zones adjacent to the Maxwell Lake dike provide evidence for
the existence of Tong-lived point sources playing an important
role in flood-basalt eruptions.

General Conclusions for Emplacement of CRBG Flows

Data from studies of flows and dikes indicate a wide range of
emplacement rates. The estimates range from rates as low as one
to two months for emplacement of larger volume flows to as high
as three to four years. This should not be surprising, and attempts
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to fit all flows into one model are probably unrealistic. We sug-
gest that the interpretations are correct and that some flows are
emplaced over long periods of time, such as the Maxwell Lake
dike, while others are emplaced during very short intervals, such
as that estimated for the Sentinel Bluffs Member of the Grande
Ronde Basalt. In fact, it is probably more realistic to think in
terms of a continuous spectrum of emplacement times rather
than just the two extremes. The most important question that still
remains unanswered is: what mechanism drives the rate at which
these flood-basalt flows are erupted?

MIDDLE MIOCENE~-PLIOCENE (LATE NEOGENE}
AND QUATERNARY SEDIMENT GEOLOGY

No discussion of CRBG geology and stratigraphy is com-
plete without at least a brief introduction to the late Neogene
sedimentary units found interbedded with, and overlying, the
CRBG and major Quaternary sedimentary units. While not the
primary focus of any of the field trips, these sediments have
provided important insights to the geologic evolution of this
flood-basalt province, and they do play a role in the hydroge-
ology of the CRBG. A brief summary of these units is pre-
sented here.

Late Neogene sediments in the Columbia River Flood-
Basalt Province have been studied and mapped for almost a
century (e.g., Bretz, 1917, Buwalda and Moore, 1927, Piper,
1932; Hodge, 1938, 1942; Thayer, 1939; Warren, 1941; Lowry
and Baldwin, 1952; Waters, 1955; Laval, 1956; Mackin, 1961;
Trimble, 1963; Hogenson, 1964; Schmincke, 1964, 1967b; New-
comb, 1965, 1966, 1971; Hampton, 1972; Bentley, 1977; Kent,
1978; Rigby et al., 1979; Swanson et al., 1979a, 197%b, 1981;
Bentley et al.,, 1980; Farcoqui et al., 1981a, 1981h; Tolan and
Beeson, 1984; Hagood, 1986; Dames and Moore, Inc., 1987;
Fecht et al., 1987; Smith, 1988; Smith et al., 1989; Walker and
MacLecd, 1991; Yeats et al., 1991; Swanson et al., 1993; Lind-
sey, 1996; Ganneit and Caldwell, 1998). These studies found that
these sediments are interfingered with, and overlie the CRBG.
This stratigraphic relationship with the CRBG provided a natu-
ral, mappable subdivision between those sediments intercalated
with the CRBG (interbeds) and those that cverlie the CRBG
{suprabasalt sediments). The composition and mode of deposi-
tion of these sediments allowed them to be further separated and
locally differentiated (e.g., Buwalda and Moore, 1927; Piper,
1932; Hodge, 1938, 1942; Waters, 1955; Schmincke, 1964; Tolan
and Beeson, 1984).

The major late Neogene sedimentary units associated with
the CRBG include: 3

(1) Ellensburg Formation: interbeds within the CRBG
throughout much of the Columbia Plateau, Cascade Range, and
Willamette Valley regions and suprabasalt sediments in the west-
ern Columbia Plateau in Washington;

(2) Larah Formation: interbeds within the CRBG and local
suprabasalt sediments along the northeastern and eastern fringe
of the Columbia Plateau;
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(3} Ringold Formation and Snipes Mountain Conglomerate:
suprabasalt sediments in the Pasco Basin and lower Yakima Va).
ley, respectively, of south-central Washington;

(4} Dalles Group (Chenoweth, McKay Creek, and Alkajj
Canyon Formations): suprabasalt sediments in the Umatiila-
Dalles-Mosier basins of northern Oregon;

(5) Rhododendron Formation: volcaniclastic suprabasalt
sediments (and related lava flows) within the Cascade arc;

{6) Troutdale Formation: suprabasalt sediments in the west-
ern Cascade Range, northern Willamette Valley, and southwest-
ern Washington; and

(7)y Scappoose Formation: fluvial and marine sediments
interbedded with the CRBG in the Coast Range (Van Atta and
Kelty (1982).

Substdence within the Columbia Plateau (Columbia Basin)
and Columbia Trans-Arc Lowland and local structural basins
{e.g., Portland Basin, Walla Walla Basin, La Grande Basin, efc.)
allowed for the accumulation of both CRBG flows and epiclas-
tic and volcaniclastic sediments. The thickest accumulations of
these Neogene sediments (100 to >300 m thick) usually oceur
within these structural basins and lowlands developed within the
flood-basalt province.

Smith et al. (1989) provides a good comprehensive review
of the Neogene suprabasalt sediments. Based on that report, and
several other regional studies, including Piper (1932), Hodge
(1938), Trimble (1963), Newcornb (1965, 1966, 1971), Farcoqui
et al. (1981a, 1981b), Tolan and Beeson (1984), Fecht et al.
(1987), Lindsey et al. (1993), Lindsey (1996}, and Lindsey and
Tolan (1996), the types of facies comprising the epiclastic sedi-
ments overlying the CRBG include:

{a) mixed lithclogy conglomerate and felsic sand deposited
within the ancestral Columbia River and major tributaries {e.g.,
ancestral Salmon-Clearwater, Snake, and/or Willamette Rivers);

{b) mixed lithology conglomerate with a basaltic sand matrix;

{c) muddy, basaltic conglomerate;

{d) weakly indurated, massively bedded, siltstone and clay-
stone displaying characteristics indicative of paleosols;

{e) well-stratified, weakly indurated, siltstone and diatomite
deposited in lake environments; and

{f) volcaniclastic sediments derived from Cascade Arc vol-
canism (mainly western Columbia Plateau, Cascade Range, and
Willameite Valley regions).

The CRBG unit upon which these Miocene—Pliocene sedi-
ments were deposited is not always the same CRBG unit. Thus
the age of the base of the suprabasalt sediments can vary from
6.5 Ma, where it overlies the youngest Saddle Mountain Basalt
unit, to 15.6 Ma, where it overlies the Sentinel Bluffs Member of
the Grande Ronde Basalt (Fig. 13).

The major Quaternary sediment units consist primarily of
Pleistocene to Holocene loess of the Palouse Formation and
Pleistocene cataclysmic flood (Missoula floods) deposits that
consist of gravels and sands along the flood tracts and slackwater
sediments where the flood waters ponded. The cataclysmic floods
were also responsible for eroding deep chammels and valleys
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(“coulees™) into the CRBG in the northem, central, and western
portions of the Columbia Plateau, Columbia River Gorge, and
porthern Willamette Valiey,

Sedimentary Interbeds in the CRBG: Ellensburg
Formation

The nature and composition of sediments found interbed-
ded with the CRBG vary greatly, ranging from epiclastic to vol-
caniclastic in origin. Within the central and western Columbia
Plateau region and the easiern portion of the Cascade Range,
the sedimentary interbeds within the CRBG are assigned to the
Ellensburg Formation (Swanson et al., 1979a; Fecht et al., 1987;
USDOE, 1988; Smith et al., 1989). These sediments were depos-
ited by ancient river and lake systems (both channel and overbank
deposits associated with the ancestral Columbia River system)
and as air-fall tephras and reworked tephras from Miocene volca-
noes active in the Cascade Range and northern Basin and Range.
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Events controlling the deposition of Ellensburg interbeds (Fecht et
al., 1987; Smith, 1988; Smith et al., 1989) include: (1) emplace-
ment of CRBG flows and their impact on paleodrainage systems,
(2} synvolcanic sedimentation from Cascadian sources, and
(3) local and regional tectonism (uplift and subsidence).
Individual interbeds within the Ellensburg Formation range
from <1 t0>30 m thick and can be traced laterally over large areas
{(Mackin, 1961; Schmincke, 1964: Bentley, 1977; Grolier and
Bingham, 1978; Swanson et al., 1979a; Fecht et al., 1987; Smith,
1988; USDOE, 1988; Smith et al., [989). Variability in sedimen-
tary interbed composition directly controls their impact on the
hydraulic behavior of CRBG interflow zones (USDOE, 1988).
The Ellensburg Formation is subdivided into a number of
formal and informal members as shown in Figure 13. These
members (interbeds) are solely defined and recognized by the
CRBG units which bracket them (Laval, 1956; Mackin, 1961;
Schmincke, 1964, 1967b; Bentley, 1977; Grolier and Bingham,
1978; Swanson et al., 1979b; Fecht et al., 1987: Smith, 1988:
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Smith et al., 1989). A number of problems arise because strati-
graphic definitions of these units are based solely on the identity
of the confining CRBG units and not independent sedimento-
logical criteria. A fundamentai problem with this scheme is that
the defining CRBG units are not always present, and previously
scparate and named interbeds merge into one member or even
become part of another formation (Fig. 13). This situation, as dia-
grammatically illustrated in Figure 13, can, and often does, create
confusion when dealing with Ellensburg nomenclature. Also the
Ellensburg interbed nomenclature has been informally extended
into the western Oregon and Washington region (Beeson and
Moran, 1979; Beeson et al., 1985, 1989a).
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STRUCTURAL AND TECTONIC SETTING OF THE
COLUMBIA RIVER FLOOD-BASALT PROVINCE

Brief Overview of the Tectonic Setting

The Columbia River Flood-Basalt Province spans a num-
ber of informally defined structural and/or physiographic sy,
provinces (Fig. 14), each with its own distinctive characteristicg,
Those structural subprovinces that will be visited during the fielq
trips will be briefly described here.

The Columbia Plateau region can be general subdivideq
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Clearwater and Weiser Embayments subprovinces (Fig. 14).
The Yakima Fold Belt includes the western and central parts of
the Columbia Basin and is characterized by a series of major
anticlinal ridges and synclinal vafleys. The Yakima Fold Belt
extends westward through the Cascade Range within a broad
lowland gap (Columbia Trans-Arc Lowland) that existed dur-
ing the middle Miocene and into western Oregon and Wash-
ington (Beeson et al., 1989a). The Palouse Slope subprovince
comprises the eastern part of the Columbia 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, while the
Palouse Slope overlies the craton as well as accreted terranes.
The Blue Mountains subprovince (Fig. 14) forms the southern
boundary of the Columbia Basin. The Blue Mountains sub-
province is a northeast-trending anticlinorium, and associated
north-northeast—trending faults (e.g., Hite Fault), that extends
250 km from the Oregon Cascades to the eastern part of the
Columbia Basin. The CRBG overlies the pre-Tertiary accreted
terrane assemblages and Eocene and Otligocene volcaniclastic
rocks. The Lewiston Basin (within the Clearwater Embayment)
is a fault-bounded basin or graben lying northeast of the Blue
Mountains subprovince (Fig. 14).

623

CRBG tavas occur in three additional subprovinces—the Cas-
cade Range, Willamette Valley, and Coast Range subprovinces. The
Cascade Range subprovince is mainly defined by the north-south—
trending Cascade volcanic arc (Fig. 14). The Yakima Fold Belt
subprovince extends into the Cascade Range subprovince along the
Columbia Trans-Arc Lowtand (Fig. 14). Uplift and intra-arc gra-
bens are the main structural features directly associated with Cas-
cade arc-volcanism (Swanson et al., 1981; Priest and Vogt, 1982).

The Willamette Valley subprovince is the lowland area that
lies between the Cascade Range and Coast Range subprovinces
(Fig. 14). The Willamette Valley subprovince is often depicted as
a large north-south~trending trough that has been subsiding since
at least Miocene time. However much of the subsidence within
the Willamette Valley is directly associated with fault-bounded
structural basins within this larger trough (e.g., Portland, Tuala-
tin, Willamette, and Stayton Basins) that had begun to develop
by at least CRBG time (Beeson et al., 1989a; Yeats et al., 19913,

The Coast Range subprovince is a broad structural arch cored
by Tertiary volcanic and marine sedimentary strata that form the
northern Oregon and southern Washington Coast Range. Uplift
of the northern Oregon and southern Washington portion of the
Coast Range began in middle Miocene time, and the CRBG
flows crossed this subprovince through an ancestral Columbia
River drainage roughly centered on the track of the present-day

Coast Range
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Columbia River (Snavely et al., 1973; Choiniere and Swanson,
1979; Niem and Niem, 1985; Beeson et al., 1985; Wells et al,,
1989, 1995, this volume).

Important Structures and Structural Trends

Olympic-Wallowa Lineament

The Olympic-Wallowa lineament (OWL) is a major
northwest-trending topographic feature in Washington and Ore-
gon (Fig. 14} that crosscuts the Columbia Basin (Raisz, 1945).
This feature parallels pre-CRBG 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,
Rattlesnake Ridge, and Horse Heaven Hilis.

The portion of the OWL that crosses the central Washington
is called the Cle Elum—-Wallula deformed zone (CLEW; Kienle
et al., 1977). It is 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 Cle Elum 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 (Horse Heaven Hills), extending
from Wallula Gap into the Blue Mountains.

Northwest of the CRBG margin, numerous northwest- and
north-trending faults and shear zones lie subparallel to the OWL
(Tabor et al., 1984). The 17-19.7 Ma Snogualmie 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 pre-date the batholith, 17-19.7 Ma (Friz-
zell et al., 1984). The structural significance of the OWL has been
called into question by two recent geophysical studies. Neither a
seisimic profiling survey by Jarchow (1991) nor a gravity survey
by Saltus (1991) could find any obvious geophysical signature
for the OWL below the CRBG.

On the other hand, recent global positioning system (GPS)
results suggest that the OWL (in its broadest sense) is the locus
of active, north-south crustal shortening driven by the clockwise
rotation of Oregon about a pole in the backarc (McCatffrey et al.,
2007). New, high-resolution aeromagnetic surveys of the OWL
in the Cascades may also suggest a structural link between active
folding and faulting in Puget Sound and in the western Yakima
Fold Belt (Blakely et al., 2009).

Hog Ranch-Naneum Ridge Anticline

The Hog Ranch-Naneum Ridge (HR-NR) anticline is a
broad north-south—trending anticline in the CRBG that crosses
the Yakima Fold Belt at a high angle (Fig. 14). This anticlinal
feature begins at the northern margin of the CRBG on Naneum
Ridge, southwest of Wenatchee, Washington, and trends south-
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east for ~12 km, and then turns south toward Prosser, Washing;
ton, where it separates the Toppenish Basin from the Pasco Bagjy,
This south-plunging structure passes through five Yakima Folg
Belt anticlines and the OWL. A gravity gradient and a series of
gravity highs delineate the HR-NR in the subsurface. The south.
ern extension of the anticline appears to be a Bouguer gravity
high near the Washington-Oregon border southeast of Prosser,
Washington.

The HR-NR anticline was active in late to middle Miocene ag
demonstrated by thinning of CRBG fiows across it (Reidel et al.
1989a), but the east-trending Yakima folds show no apparent off.
set produced by the HR-NR cross-structures (Kienle et al., 1977
Tabor et al., 1982; Campbell, 1989; Reidel et al., 1989a) nor i
the HR-NR anticline offset where the OWL-CLEW crosses it
Growth of the HR-NR anticline continued from the Miocene 1
Recent and is now marked by the highest structural points alon
the Yakima Fold Belt anticlinal ridges that cross it.

White River—Naches River Fault Zone 7

The White River-Naches River Fault Zone (WR-NRFZ), a -
major fault zone (Fig. 14) that extends 90 km from Naches to
Enumclaw, Washington, separates two domains of dissimilar
structure, stratigraphy, and topography (Campbell, 1988, 1989). -
To the nertheast of the zone, structures strike NGO°W; to the
southwest, structures in pre-Tertiary rocks trend N3°E to N20°W,
The WR-NRFZ probably extends under the basalt at least as far
as Konnowac Pass and either parallels or crosscuts the HR-NR *
anticline. The WR-NRFZ is the major structure trending into the
Columbia Basin that can be demonstrated to be a fundamental
structural boundary in rock below the CRBG.

Yakima Fold Belt

As mentioned above, the Yakima Fold Belt subprovince
covers ~14,000 km? of the western and west-central Columbia
Plateau (Fig. 14) and formed as CRBG flows and intercalated
sediments were folded and faulted under north-south-directed
compression. Most of the present structural relief in the western
and central Columbia Plateau has developed since ca. 10.5 Ma
when the last massive outpouring of lava, the Elephant Moun-
tain Member (Saddle Mountains Basalt; Fig. 2), buried much of
this area. 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 is post-CRBG.

The Yakima Fold Belt consists of narrow anticlinal ridges
separated by broad synclinal valleys floored by relatively unde-
formed sediment. The anticlines and synclines are typically seg-
mented and most have north vergence. However, south vergence
occurs on some anticlines such as the Columbia Hills, Clemas
Mountain, and a few segments of some other ridges. Fold length
ranges from one kilometer to >200 km; fold wavelengths range
from several kilometers to as much as 20 km. The folds are seg-
mented by crosscutting faults and folds (Reidel, 1984, 1988;
Anderson, 1987; Reidel et al., 1989a, 1994a). Structural relief
is typically less than 600 m but varies along the length of the




fold. The greatest structural relief alon g the Frenchman Hills, the
Saddle Mountains, Umtanum Ridge, and Yakima Ridge ocecurs
where they intersect the north-trending HR-NR anticline,

“Anticlines in the southwest part of the Yakima Fold Bel,
southwest of the CLEW, generally have N50°E trends (Swan-
son et al., 1979a; Reidel et al,, 1989a, 1994a; Tolan and Reidel,
1989; Watters, 1989). Anticlines in the ceniral part have east
trends except atong the CLEW where a2 N50°W trend predomi-
nates (Swanson et al., 1979; Reidel et al,, 1989a, 1994a; Tolan
and Reidel, 1989; Watters, 1989). The Rartlesnake Hills, Sad-
dle Mountains, and Frenchman Hills have overall east trends,
but Yakima Ridge and Umtanum Ridge change eastward from
east 10 N50°W in the CLEW (Swanson et al., 1979a; Reidel et
al., 1989a, 1994a; Tolan and Reidel, 1989; Watters, 1989). The
Horse Heaven Hills, the NSO"W—Lrending Rattlesnake Hills, and
the Columbia Hills abruptly terminate against the CLEW,

Although rarely exposed, nearly all the steep forelimbs of
the asymmestrical anticlines are faulted. These frontal fault zones
typically consist of imbricated thrusts (Bentley, 1977, Benr-
ley in Swanson et al., 1979a; Goff, 1981; Reidel, 1984, 1988:
Hagood, 1986; Anderson, 1987} that are emergent at ground
surface. Near the ground surface the thrust faults merge ino
shallow-dipping surface of the basalt (Reidel, 1984). Where ero-
sion provides deeper exposures, these frontal faults are shown to
be steep reverse faults (e.g., 45° south in the Frenchman Hills at
the Columbia River water gap (Grolier and Bingham, 1971) and
30°=70° north in the Columbia Hills at Rock Creek, Washington
{(Swanson et al., 1979a; Anderson, 1987).

Hydrocarbon exploration boreholes provide direct evidence
for the dips of these Yakima Fold Belt frontal faults, Reidel et
al. {1989a) have argued that the Saddle Mountains fault must
dip more than 60° where the Shell-ARCO) BN 1-9 borehole was
drilted. Drilling of the Umtanum fault near Priest Rapids Dam
(Puget Sound Power and Light Company [PSPL], 1982) suggests
that this fault dips southward under the ridge with a dip of at feast
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 ~120° lon-
gitude, it is estimated to be greaier than 15 km but less than
25 km (Reidel et al., 1989a) or ~5%. Typically, shortening on
an individual anticline due to folding is ~1-1.5 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 (Reidel et al,, 19943),

Synclines typically are stucturally low areas formed
between the gently dipping limb of one anticline and the siceply
dipping limb of another where that limb was thrust up onto the
gently dipping limb of the neighboring anticline. Few synclines
were formed by synclinal folding of the CRBG.

Northwest-Trending Wrench Faults
Geologic mapping of the Columbia River Flood-Basalt
Province (c.g., Newcomb, 1970; Anderson, 1979, 1987; Ham-
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mond, 1979; Swanson et al., 1979a, 1980, 1981; Barrash et al.,
1980; Bentley et al., 1980; Kienle, 1980; Harnmond et al. 1982;
Niem and Niem, 1985: Dames and Moore, Inc., 1987; Walsh
et al,, 1987; Beeson et al., 1989b; Bentley, 1989; Walker and
MacLeod, 1991; Blakely et al.,, 1995; Wells et al., 1995; Schus-
ter et al., 1997; Tolan et al., 1999, 2000a) has found numer-
ous northwest-trending, dextral (right-tateral), strike-stip faults
in the western-half of the prevince. These northwest-trending
faults range from relatively minor faults to features that can
be traced for more than 50100 km (e.g., Gales Creek—Mount
Angel Structural Zone, Portland Hills-Clackamas River Struc-
tural Zone, Lacamas Lake-Sandy River Structural Zone, Maupin
Trend, Luna Butte Trend, Arlington Trend; Fig. 14). The larger
scale northwest-trending faults have been classified as wrench
fanlts by most investigators (e.g., Bentley et al., 1980; Beeson
etal., 1985, 1989a: Anderson and Tolan, 1986; Anderson, 1987:
Dames and Moore, Inc., 1987; USDOE, 1988; Reidel et al.,
1989a; Beeson and Telan, 1990). This classification is based on
distinctive characteristics that they typically display, including
(1) conjugate en echelon faults, (2} genetically related en ech-
elon folds, (3) reversal of apparent dip-slip displacement along
strike, (4) lengths of tens to >80 km, and (3) seismicity with
focal mechanism solutions indicating dextral sirike-slip and/or
oblique-slip movement.

Studies have found evidence that many of these northwest-
trending failts developed contemporaneously with the Yakima
Fold Belt structures and that deformation has apparently contin-
ued on these structures into the Holocene {Anderson and Tolan,
1986; Anderson, 1987, Dames and Moore, Inc., 1987). These
northwest-trending wrench faults are also responsible for creat-
ing large-scale pull-apart basins (e.g., La Grande Basin, Portland
Basin, Tualatin Basin, Willamette Basin, and Stayton Basin)
within the flood-basalt province (Fig. 14).

In the western Columbia Plateau and Willamette Valley,
minor earthquake activity (mainly small magnitude [<3.0] events)
is associated with several of the northwest- trending wrench faults
(USDOE, 1988: Yelin and Patton, 1991). However the 25 March
1993, M5.6, Scotts Mills earthquake (Willamette Valley) prob-
ably occurred on the Gales Creek-Mount Angel Structural Zone.
This activity is direct evidence that some of these northwest-
trending faults are still active today.

QUATERNARY DEFORMATION IN THE COLUMBIA
RIVER FLOOD-BASALT PROVINCE

Columbia Platean

Within the Columbia Plateau, probably all geologic struc-
tures developed much of their present relief prior to the Pleis-
tocene. Although not common, evidence of Pleistocene faulting
has been found at many locations across the Columbia Plateau.
While age relations are generally poorly constrained, they sug-
gest that faulting has continued since the last cataciysmic flood
(ca. 13,000 yr B.P).
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Yakima Fold Belt

The following Yakima Fold Belt structures listed below have
been identified as displaying evidence of Quaternary deformation,

(1) Toppenish Ridge. Campbell and Bentley (1980, 1981)
describe a 0.5- to 2.2-km-wide zone of nearly 100 surface rup-
tures along a 32-km-long segment of the north flank of Toppenish
Ridge. The scarps are subparallel to the ridge trend and range
from 0.1 to 3 km in length. The lowest scarp (Mill Creek) is a
thrust fault, but all other scarps are high-angle normal faults.
Individual ruptures have displacements as great as 4 m; organic
material in the neptures yields C'* ages of 505 = 160 yr and 620 =
135 yr (Campbell and Bentley, 1981).

(2) Ahtarrum Ridge. A Quaternary fault was exposed during
highway construction near Union Gap, Washington, on Ahtanum
Ridge. At this location, a high-angle reverse fault offsets Yakima
River terrace gravels by at least 7 m, juxtaposing the basalt of
Ginkgo, Frenchman Springs Member {Campbell, in Washington
Public Power Supply System [WPPSS], 1981). A questionable
U/Th caliche age of 30,000 yr was obtained for the terrace gravel
(Campbell, 1983). The fault gouge appears to be capped by unde-
formed 13,000-yr-old slackwater sediments, but exposures of the
fault 1 km to the east show faulted slackwater sediments (N.P.
Campbell, 1992, personal commun.).

(3} Umtanum Ridge—Gable Mountain. Deposits 13,000 yr
old are offset as much as 6.5 cm by the central Gable Moun-
tain fault (PSPL, 1982) at the east end of Umtanum Ridge. The
central Gable Mountain fault is a tear fault with a component of
reverse movement and shows increasing offset in progressively
older units suggesting a history of multiple rupture events.

(4) Other Localities. Undocumented and/or unpublished
data for other suspected Quaternary faults within the Yakima
Fold Belt include: Manastash Ridge (Geomatrix, 1988); Boylston
Mountains (R.D. Bentley, 1983, oral commun.}; Cleman Moun-
tain (Geomatrix, 1988; N.P. Campbell, 1992, personal com-
mun.); Yakima Ridge (R.D. Bentley, 1990, oral commun.);
Medicine Valley {Geomatrix, 1988); Hog Ranch-Naneum Ridge
anticline (Bentley, 1986, personal commun.); Tamarack Springs
{Campbell, 1983); Frenchman Hills and Smyrna Bench, Saddle
Mountains (Geomatrix, 1988; West and Shaffer, 1989; Shaffer
and West, 1989); Wenas Valley (West, 1987); Kittitas Valley
{Geomatrix, 1988); and Ahtanum Ridge (N.P. Campbeli, 1992,
personal commun.; Geomatrix, 1988).

There is no pattern of faulting in the Yakima Fold Belt that
would suggest Quaternary faulting is more concentrated in one
part than anoiher. Rather, the broad distribution of contempora-
neous deformation suggests that the entire fold belt has contin-
ved to develop through the Quaternary in a pattern similar to the
Pliocene and Miocene.

‘Walla Walla Basin and Hite Fault

Quaternary deformation has been reported at 15 localities
along the portion of the CLEW that defines the southern and
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western boundary of the Walla Walla Basin (WPPSS, 1981:
Mann and Lewis, 1991). Suspected Quaternary faults, associateq
with the Hite Fault system along the castern side of the Wally
Walla Basin, have also been reported by Shannon and Wilsey
(1979, p. 28).

Northwest-Trending Wrench Faults

In the western Columbia Plateau, Andersen and Tolag
(1986) report a potential Quaternary fault (cutting cataclysmic
flood sediments) that is associated with the northwest—trending
Luna Buite Trend.

Gehrels et al. {1979) report suspected Quaternary deformation
associated with northwest-trending faults in the La Grande Basin,

In the Willamette Valley, Liberty et al. (1999) and Blakely ¢t
al. (2000) report suspected Quaternary offset along the northwest-
trending Gales Creek—Mount Angel Structural Zone. Blakely et
al. {2004) report Quaternary faulting related to the northwest-
trending Portland Hills—Clackamas River Structural Zone.

CONTEMPORARY STRESS AND STRAIN
Regional Data

Conternporary horizontal strain for the central Columbia
Plateau has been determined from geodetic surveys. Although
local geodetic surveys {(Prescott and Savage, 1984) across the
Pasco Basin suggest north-south shortening at a rate of 027+
0.22 microstrain/yr, analysis of robust continuous and campaign
GPS data by McCaffrey et al. (2007) indicate 3.3 mm/yr rorth-south
shortening across the Yakima Fold Belt. In their block model, the
slip is partitioned onto the CLEW and the Entiat—Saddle Mountains
fault systems, although it is likely to be more broadly distributed.

Earthquake focal mechanism solutions indicate that the
maximum principal stress is generally north-south and the mini-
mum principal stress is near-vertical (USDOE, 1988). Seismicity
occurs in three stratigraphic zones—the CRBG, the sub-CRBG
sediments, and the crystalline basement. Most of the seismicity
is concentrated in the CRBG and the crystalline basement. Seis-
micity in the CRBG tends to be concentrated within the Yakima
Fold Belt synclinal areas where surface deformation is minimal
(USDOE, 1988). These data are consistent with geologic evi-
dence (Reidel et al., 1989a) suggesting that the central Cofumbia
Plateau has been under north-south compression since at least the
Miocene and that the same siress pattern continues today.

Contemporary Stress in the Central Columbia Plateau

CRBG core disking and spalling are common in boreholes
drilled in the Cold Creek syncline (Yakima Fold Belt-Pasco
Basin, central Columbia Plateau) indicate relatively high in situ
stress (USDOE, 1988). Core disking—when basalt drill core
fractures into thin disks during drilling—is an indicator of high
in situ stress, as well as remanent and residual stresses. Borehole
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spalling or breakouts indicate high horizontal deviatoric stress
and suggest that in situ stress is not distributed lithostatically.
Spalling occurs in the direction of least horizontal compression,
and the consistent east-west orientation of borehole spalling afso
indicates that the maximum horizontal stress is oriented gener-
ally north-south.

Hydraulic fracturing tests were conducted in boreholes in
the Cold Creck syncline at ~1 km depth in the upper part of the
Grande Ronde Basalt (USDOE, 1988). The results indicated that
the maximurn horizontal stress ranges from 52.6 to 67.4 MPa
(7630-9780 Ibffin*), and the minimurn horizontal stress ranges
from 30.3 to 35.7 Mpa (4400-5180 1bf/in2). The ratio of average
horizontal stress [(GH + G,)/2] to the vertical siress (G,) ranges
from 1.41 to 2.14 with a mean value of 1.77 + 0.20. This ratio is
close to the higher end of known stress conditions at comparable
depths at other locations. The mean orientation of induced frac-
tures, and thus the direction of the maximum horizontal stress, is
consistent with north-south compression (Paillet and Kim, 1987).

Given the high in situ stress conditions, Kim et al. (1986) sug-
gested that movement is possible on an east-west-striking reverse
fault that dips 60° to 65° and has an effective friction angle of 33°
or less along the fault plane. A comparison of shear stren gth along
potential faults (Byerlee, 1978) to test results on the properties
of CRBG joint surfaces (USDOE, 1988) suggests that slip could
occur on a preexisting fracture in the present stress field.

The pattern of regional Quaternary faulting indicates that
the hypothesis of Kim et al. {1986) is correct, but the pattern of
microseismicity is inconsistent with this. Microseistnicity occurs
in regional synclinal areas where the CRBG is typically fresh,
unaltered, and competent. Microseismicity is apparently absent
from frontal faults on anticlinal ridges.

Contemporary Stress in the Willamette Valley

In the Willamette Valley region, Werner (1990) analyzed
borehole breakouts from 18 wells that were due to the spalling
of the borehole wali caused by in situ stress. Werner found that
the borehole breakouts generally indicated a north-northwest
1o north-northeast orientation of the maximum horizontal
compression that coincided with the direction of maximum
horizontal compression determined from local earthguake
focal mechanisms.

Relationship between CRBG Emplacement Rates and
Regional Subsidence

Overall, one of the most significant deformational processes
to affect the Columbia River Flood-Basalt Province has been
regional-scale subsidence beneath the Yakima Fold Belt and
Columbia Trans-Arc Lowland (Beeson et al., 198%a; Reidel et
al., 1989a, 1994a). Subsidence began prior to the eruption of the
CRBG and continued until ca. 3 Ma (Beeson et al., 1989a; Reidet
et al., 1989a; Beeson and Tolan, 1990; Fig. 15). The base of the
CRBG section now lies nearly 4 km below the modem land sur-
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face in the Pasco Basin (Fig. 16). Basin subsidence kept pace with
flood-basalt eruptions. Reidel et al. (1989a) showed that the rate
of subsidence paralleled the rate of flood-basalt eruptions, with
the greatest subsidence occurring during Grande Ronde time and
subsequently declining through Wanapum and Saddle Mountains
time. Assuming that the Grande Ronde Basalt was erupted over a
1 million year period, Reidel et al. (1989a) calculated the rate of
subsidence to be ~2 c/yr. However, the new age dates of Barry
et al. (2008) indicate that the Grande Ronde Basalt was erupted
over a period of 250,000 yr, thus increasing the rate of subsidence
to as much as 8 cm/fyr.

Origin of the Columbia River Flood-Basalt Province—
The Plume Hypothesis

The existence of deep mantle plumes is currently one of
the hot topics in CRBG research. It is beyond the scope of this
paper to address the pros and cons of the plume debate. Discus-
sion of the plume model and alternative hypotheses can be found
in Hooper et al. (2007) and other papers in Foulger and Jurdy
(2007). Some of the factors that need to be considered in this
debate are:

(1) Models for the origin of the CRBG often call upon the
presence of a mantle plume. Some of the important considerations
are the size and compositional homogeneity of the flows and the
short span of time for the peak of eruptions (e.g., 250,000 yr
for the Grande Ronde Basalt (Barry et al., 2008)).

(2) Connections between a mantle plume and the age pro-
gressive volcanism of the Snake River Plain in southern Idaho to
the Yellowstone Hotspol.

(3) Tectonic reconstructions place the Yellowstone Hotspot
beneath the location where the modern states of Oregon, Idaho,
and Nevada intersected ~17 million years ago.

(4) The problem of magma transport from the plume at the
Oregon, Nevada, and Idaho borders to the Chief Joseph dike
swarm ~400 km north of the plume center.

{5) The majority of the exposed portion of the Chief Joseph
dike swarm lies in the Mesozoic accreted terranes of northeast-
ern Oregon and southeastern Washington immediately west
of the edge of the North American craton as defined by the
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Figure 15. Diagrammatic, east-west cross seclion through the Colum-
bia Basin showing the relative thickness of the Columbia River Basalt
Group (CRBG) and pre-CRBG sediments.
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0.706 ¥'5r/%Sr line of Armstrong et al. (1977). Thus the plume
magmas may have been transported to the north along zones
of crustal weakness associated with the boundary between the
thicker Precambrian crust of the North American craton and the
thinner Mesozoic crust of the accreted terranes

(6) Discussion of geochemical patterns in the CRBG by
Hooper et al. (2007) generated considerable debate. See the dis-
cussions and replies at the end of that paper.

COLUMBIA RIVER BASALT GROUP
HYDROGEOLOGY

Introduction

Numerous studies of CRBG aquifers have been conducted
within the Columbia Plateau region to better understand their
hydraulic characteristics and to develop a model of how various
factors (e.g., CRBG flow physical characteristics and properties,
tectonic features and properties, erosional features, climate, etc.)
interact to create and govern this confined groundwater systern
{e.g., Newcomb, 1961, 1969, Hogenson, 1964; Brown, 1978,
1979; Gephart et al., 1979; Oberlander and Miller, 1981; Drost
and Whitermnan, 1986; Livesay, 1986; Davies-Smith et al., 1988;
Lite and Grondin, 1988; USDOE, 1988; Burt, 1989; Lum et al.,
1990; Johnson et al., 1993; Hansen et al., 1994; Spane and Web-
ber, 1995; Wozniak, 1995; Steinkampf and Hearn, 1996; Packard
et al., 1996; Sabol and Downey, 1997). The general similarity of
the hydrogeologic characteristics, properties, and behavior of the
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CRBG aquifers across the flood-basalt province is one of the mog
significant findings to emerge from these studies. Therefore much
of the general knowledge that has been learned about the charag:
teristics and behavior of the CRBG aquifers is readily applicable
to CRBG aquifers in other areas. The purpose of this section is g
present a review of the general hydraulic characteristics.

In the Columbia Plateau and western Oregon and Washing.
ton, groundwater in the CRBG generally occurs as a series o
aquifers hosted by the upper three CRBG formations (Grande
Ronde, Wanapumn, and Saddle Mountains) and the interstrati:
fied Ellensburg Formation sediments. CRBG aquifers have -
been characterized as generally semiconfined to confined. The
major water-bearing and transmitting zones (aquifers) within -
the CRBG are variously identified as occurring in sedimentary
interbeds, between adjacent basalt flows (interflow zone), and
in basalt flow tops (Gephart et al., [979; Hansen et al., 1994,
Packard et al., 1996; Sabol and Downey, 1997; USDOE, 1988).
The following sections summarize basic hydrogeologic charac-
teristics of CRBG intraflow structures, stratigraphic controls on
groundwater flow within the CRBG, and secondary controls on
CRBG hydrology.

Hydraulic Characteristics of CRBG Intraflow Structures

The physical characteristics and properties of individual
CRBG flows affect their intrinsic hydraulic properties and influ-
ence potential distribution of groundwater within the CRBG. *
Fundamental to this discussion is the mode of CRBG flow
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emplacement and types and extent of the intraflow structures
assoctated with each flow. As reviewed earlier, there are three
basic modes for lava flow emplacement—compound flow, sheet
flow, and intracanyon flow. The internal arrangement of physi-
cal (intraflow} structures is far more irregular in compound flows
than sheet flows. The presence of these structures in compound
flows provides numerous potential pathways for both horizon-
tal and vertical groundwater movement thraugh the flow. Based
on both surface and subsurface data and mapping, CRBG flows
are most commonly classified as sheet flows (e.g., Beeson et al.,
1985, 1989a; Beeson and Tolan, 1990, 1996; Reidel and Tolan,
1992; Reidel et al., 1994b; Reidel, 1998).

As described earlier, CRBG sheet flows exhibit a basic three-
part internal arrangement of internal intraflow structures that
originate during the emplacement and cooling of the lava flows.
These features are referred to as the flow top, flow interior, and
flow bottom (Fig. 7). The combination of a flow top of one flow
and the flow hottom of the overlying flow is commonly referred
to as the “interflow zone” The interflow ZOnes, in comparison to
the flow’s dense interior, form the predominant water- transmitting
zones (aquifers) within the CRBG (USDOE, 1988). In their origi-
nal undisturbed state, individual interflow zones are as laterally
extensive as the sheet flows between which they occur. Given the
extent and thickness (geometry) of individual interflow zones, this
creates a series of relatively tabular, stratiform layers that could
potentially play host to aquifers within the CRBG,

It is widely agreed that within CRBG aquifers, given the
typical distribution and physical characteristics of CRBG intra-
flow structures, groundwater primarily resides within the inter-
flow zones (Newcomb, 1969; Oberlander and Miller, 1981; Lite
and Grondin, 1988: Davies-Smith et al., 1988, USDOE, 198%;
Wozniak, 1995; Tolan et al., 2000b; Tolan and Lite, 2008). The
presence of interbedded sediments can either enhance (e.g., sand-
stone and conglomerate) or inhibit (e.g., mudstone and paleosols)
groundwater storage and movement within this zone. Another crit-
ical aspect with respect fo interflow zones, that is not commonly
recognized, is their potential lateral variability. For example, thick
flow-top breccias are known to abruptly end with a much thin-
ner normal flow top taking its place. The same is true for How-

bottom features (e.g., pillow complexes) that can abruptly end or _

transition to a more simple flow bottom. These intraflow structure
“facies changes” can result in radjcal changes of the hydraulic
properties and behavior of an individual CRBG aquifer.

The physical properties of undisturbed, laterally extensive,
dense interiors of CRBG flows make this pottion of the flow
essentially impermeable for all practical purposes {Newcomb,
1969; Oberlander and Miller, 1581; Davies-Smith et al_, 1988;
Lite and Grondin, 1988, USDOE, 1988; Lindberg, 1989; Woz-
niak, 1995). While the dense interior portion of a CRBG flow is
replete with cooling joints, in their undisturbed state these Jjoints
have been found to be typically 77% to >99% filled with second.
ary minerals (clay, silica, and zeolite), and void spaces that do
occur are typically not interconnected (USDOE, 1988: Lindberg,
1989). The fact that CRBG dense flow interiors typically act as
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aquitards accounts for the confined behavior exhibited by most
CRBG aquifers. Artesjan (flowing} conditions have been encoun-
tered within many areas around the flood-basalt province.

Field data and inferences based on modeling studies sug-
gest that the hydraulic properties of CRBG aquifers are are-
ally and vertically complex (e.g., Drost and Whiteman, 1986;
USDOE, 1988; Hansen et a)., 1994; Whiteman et al., 1994). For
example, vertical profiles of hydraulic head from Hanford Site
test welis indicate that there is the potential for upward move-
ment of groundwater from Grande Ronde and Wanapum aqui-
fers and downward movement of groundwater from the overly-
ing Saddle Mountains aquifer (USDOE, 1988; Johnson et al.,
1993). On the other hand, the regional water-level contours for
the Grande Ronde and Wanapum aquifers presented in Hansen
et al. (1994) suggest that the direction of vertical flow between
these two aquifers is variable over the region. However, the
results of hydrologic tests in wells at the Hanford Site show that
lateral groundwater flow in the CRBG interflow zones appears
to greatly exceed vertical movement through dense flow interi-
ors (USDOE, 1988).

A range of hydraulic conductivity values is reported for
CRBG aquifers in USDOE ( 1988}, Whiteman et al. (1994), and
Sabol and Downey (1997), and these values are summarized in
Table 4. The values of hydraulic conductivity reported in White-
man et al. (1994) rely heavily on data reported on driller’s well
reports from many wells that are open to multiple CRBG aqui-
fers. These lateral conductivities integrate values over the entire
depth of penetrated CRBG and, therefore, reflect the coniribution
from interlayer vertical movement of groundwater past CRBG
flow pinchouts, faulting, and other discontinuities in individual
CRBG flow layers. The hydraulic conductivities of an individual
interflow zone within the tested intervals may be substantially
higher (or Tower) than the reported value.

Values of storativity in the CRBG are commonly between
107 and 107, reflecting the high degree of confinement of the
interflows and incompressible aquifer matrix (McFarland and
Morgan, 1996; Conlon et al., 2005). Higher values of storativity
calculated from some aquifer tests may indicate less confinement
in some parts of the CRBG system. Some may represent tests
in the uppermost basalt interval that are hydraulically connected
through surface fractures to the overlying sediments or land sur-
face. Lateral facies changes in the interflow zones, wells open
to multiple and often different interflow zones, and the presence
of structural boundaries complicate estimation of aquifer param-
eters based on Theisien analysis of pumping test data, and may
result in misleading parameter values.

The available data on hydraulic properties of the varous
CRBG aquifers, including permeability, porosity, and storativ-
ity, indicate that a large variability in local flow characteristics
is expected. However, hydraulic data are generally sparse and
cannot be extrapolated easily to other locations within the area.
Finally, pumping and recharge can locally alter hydraulic gradi-
ents and flow directions during the year, especially in the vicinity
of aquifer boundaries.
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TABLE 4. REPORTED HYDRAULIC CONDUCTIVITY RANGES FOR CRBG AQUIFERS
Hydraulic conductivity ranges
Feature fiiday miday Reference Comments
(approx. conversion)
Kh [ 1% 10" to 1000 3x 10 to3x 10 USDQOE {(1988) Average = 0.1 ft/day
Flow fops Ky 3x 10" to3x10° 9x10 0 ox 10" USDOE (1988)
1x10°to 1 x 107 3x107103x107 Sabol and Downey (1597} Measured near Lind, Washington
= 3 10 - Approximately five orders of
Fiow interiors Kh 1x ‘IO_9 to1x10 3x10 to3x10 USDOE (1988) magnitude less than flow tops
kv 3x10° to3x10 9x 10" t09x 10° USDOE (1988)
1x107 101 %10 3x10°to3x 10 Sabol and Downey (1997) Measured near Lind, Washington
Kh | 7x10to 1892 2x10°t0 6 x 10° vericaly averagad for Saddle
Flow tops Kh | 7x10°to 5244 2% 107102 x 10° Whiteman et al. (1994) verically averagad for Wanapum
Kh | 5x 10710 2522 5x 10706 x 10° V%’gﬁi‘é"g‘ggﬁged for Grande
4 7 1 Average for various interbeds =
Ellensburg Formation Kh T>107101 3x107103x 10 USDOE (1988) 0.01 to G.1 ft/day
interbeds Kh | 1x10°to 100 3x107t03x 10" | Sabol and Downey {1997) Mggz%‘nrec’ for interbeds in Pasco

Note: Abbreviations: CRRG—Columbia River Basait Group; Kh— horizontal hydrautic conductivity; Kv—vertical hydraulic conductivity; USDOE—

U.S. Department of Energy.

Secondary Controls on CRBG Hydraulic Characteristics

There are several processes that can modify the specific, and
overall, hydraulic characteristics and behavior of CRBG aquifers
and aquitards. These include tectonic fracturing forming faulis
and/or tectonic joints, folding, and secondary mineralization and/
or alteration. The potential effect and impact of these various pro-
cesses on CRBG groundwater systemns can range from benign to
profound. Understanding their impact on CRBG aquifers is eriti-
cally important to accurately interpreting the behavior of CRBG
aquifer systems.

Faults and Tectonic Joints

The presence of faults in the CRBG can potentially impact
groundwater movement {e.g., Newcomb 1959, 1961, 1969; Lite
and Grondin, 1988; USDOE, 1988; Johnson et al., 1993). Faulting
in the CRBG tends to produce a roughly planar zone composed
of coarsely shattered basalt that grades into very fine rock flour.
Figure 17 presents a diagrammatic sketch of the typical physical
features and terminology for a fault zone cutting CRBG flows.
The width of the fault zone (shatter breccia and gouge) can be
highly variable (<1 m to >150 m thick), and its thickness typically
depends on: (1) magnitude of fault displacement, (2} type of fault
(low-angle fault versus high-angle fault), and (3) type(s) of CRBG
intraflow structures cut by the fault (Price, 1982; Reidel, 1984;
Hagood, 1986; Anderson, 1987, USDOE, 1988). The dense inte-
flor portions of CRBG flows have a greater mechanical strength
than either the flow top or flow bottom (interflow zone). This
greater susceptibility is typically manifested by the widening of
the fault zone, and associated effects, as it passes through these
mechanicaily weaker portions of the flow (Price, 1982; USDOE,
1988). It has also been suggested that the presence of water within

intraflow structures may decrease the relative strength of the rock
and may be another factor contributing to deformational behavior
in flow tops and flow bottoms (USDOE, 1988).

Fault zone shatter breccias often display significant degrees
of alteration (clays) and/or secondary mineralization (silica,
zeolite, calcite, and pyrite). These materials can cement shai-
ter breccias and create a rock that is so massive and tough that
CRBG fault breccias are commonly more resistant to erosion
than unbrecciated CRBG (Myers and Price, 1981; Price, 1982,
Anderson, 1987). The types of secondary minerals present within
CRBG fault zones appear to be dependent on both environmen-
tal conditions (oxidizing versus reducing) and in situ conditions
(e.g., water chemistry, thermal regime, and hydrologic regime;
Myers and Price, 1981; Price, 1982; USDOE, 1988).

Faulis have been found to impact the CRBG groundwater
system in a number of ways. They can form barriers to the lat-
eral and vertical movement of groundwater; a series of faults
can create hydrologically isolated areas. Faults and joints can
provide a vertical pathway (of varying length) for groundwa-
ter movement allowing otherwise confined CRBG aquifers o
be in direct hydraulic communication. They can expose inter-
flow zones creating local opportunities for aquifer recharge
and/or discharge.

The ability of faults to affect CRBG groundwater systems in
a variety of ways reflects the potential for both lateral and verti-
cal heterogeneities in the physical characteristics of fault zones.
For example, the degree of secondary alteration and mineral-
ization along a fault zone may vary. Complete alteration and/or
mineralization of fault shatter breccias and gouge zones would
“heal” these features and produce rock of very low permeabil-
ity. Variations in the completeness of this process would produce
hydrologic heterogeneities along the trace of the fault, Even if
a fault zone is completely healed by secondary alteration and
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mineralization, renewed movement (displacement) on the fault
could produce new permeability within the healed shatter breccia
(e.g, USDOEK, 1988; Johnson et al., 1993).

Folding

A number of groundwater investigations in the Columbia
Plateau area have noted that folds (primarily anticlinal and mono-
clinal folds) affect the occurrence and movement of groundwater
through CRB(G aquifers (e.g., Newcomb 1961, 1969 Gephart et
al., 1979; Oberlander and Miller, 1981; Lite and Grondin, 1988;
USDOE, 1988; Burt, 1989; Packard et al., 1996). In many cases,
folds have been identified as groundwater barriers or impedi-
ments that either block or restrict lateral groundwater movement
through the CRBG aquifer system (e.g., Newcomb, 1969: Ober-
lander and Miller, 1981; USDOE, 1988). Because most of the
folds in this region have genetically related faults, one would
initially suspect that the observed impacts of folds on the CRBG
groundwater system are caused by related faults. However, the
process of folding CRBG can affect the hydraulic characteristics
of interflow zones.

During the process of folding, slippage parallel to the lay-
ers (CRBG flows) will occur, in part, to accommodate struc-
tural shortening. An analogy for this process is seen when a

Shatter
Breccia

Fauit Plane

<—
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deck of playing cards is flexed and the individual cards slip
past one another to accommodate the flexure. The tighter the
flexure of the cards, the greater the “intercard” slippage. In
folds, this type of flexural slip typically occurs within CRBG
interflow zones (Newcomb, 1969: Price, 1982; Anderson,
1987) that are the mechanically weakest layers in the Colum-
bia River basalt. The effects of this flexural slip on CRBG
interflow zone range from minor shearing to nearly complete
destruction (production of fault shatter breccia and gouge
material) and are directly related to the intensity and mag-
nitude of deformation (Price, 1982: Anderson, 1987). This
process also impacts the original hydraulic characteristics of
interflow zones, reducing or even destroying the permeability
of these features (Newcomb, 1969).

Secondary Mineralization and Alteration

Secondary processes can change the physical characteristics
of CRBG interflow zones and, consequently, affect the hydraulic
propetties of these features. The common aspect to all of these
secondary processes is that they fundamentally change the ori gi-
nal physical (and hydraulic) characteristics of CRBG flow tops
and flow bottoms. The two most important of these processes are
briefly described in the following sections.

FLOW A

Vesicular i
Fiow Top|

FLOWB

Anastomosing
faulf breccla zones

FLOW A

4 Vesicular

Figure 17. Diagram depicting com-
mon features found within fault zones
that transect Columbia River Basalt
Group flows.

ar Zones
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Paleosol Development and Laterization

If a sufficiently long hiatus occurred between emplacement
of CRBG flows, weathering and chemical breakdown of the
glassy vesicular flow top will occur and lead to soil formation.
This process would typically alter and destroy the original physi-
cal texture of a portion of the flow top as well as most of its origi-
nal permeability. The extent of the flow top involved and degree
to which these paleosols are developed vary tremendously. Fac-
tors controlling their development are thought to be duration of
interval hefore the flow top is covered by the next CRBG flow,
absence of sediment cover, and environmental conditions (e.g.,
climate, vegetation, paleogeography, etc.).

In the Willamette Valley and Coast Range regions, the degree
of weathering and alteration of the CRBG is highly variable, rang-
ing from little to total conversion to laterite {ferruginous baux-
ite). Notable occurrences of areally widespread laterization of the
CRBQG are found in the Salem—Eola Hills and Tualatin Mountains
areas {Thayer, 1939; Libbey et al., 1945; Corcoran and Libbey,
1956; Trimble, 1963; Schiicker and Deacon, 1967). In these areas,
it is typically the uppermost portion of the CRBG section that

Figure 18. (A) Partial laterization of a columnar jointed dense interior
of a Sentine} Bluffs Member (Grande Ronde Basalt) flow. Note pre-
served outlines of the columnar jointing and relatively unweathered
“corestones” in the center of the “blocks.” {B) Nearly completely later-
ized portion of a two Grande Ronde Basalt flows exposed in roadeuts
in the south Salem Hills. The roadcut is ~3 m in height.

exhibits the most severe effects of weathering, with the interfloy,
zones (flow tops and flow bottoms) being more susceptible to the
weathering process, while the dense flow interiors are initially legg
susceptible (Fig. 18A). The depth of weathering (laterization) jg
highly variable, ranging from less than 5 m to greater than 60 m
(Fig. 18B). Various studies on the origin of deep CRBG weathey-
ing in the Willamette Valley area (e.g., Libbey et al., 1945; Corco.
ran and Libbey, 1956; Trimble, 1963) have concluded that the
CRBG section needs to be exposed for a long period of geologic
time to conditions that will continuously Ieach and remove the
more soluble constituents of Columbia River basalt.

Precipitation. of Secondary Minerals

After the emplacement and burial of the CRBG flows, sec-
ondary minerals (e.g., silica, cryptocrystalline quartz, calcite,
zeolite, pyrite, clay minerals, etc.) can partially to completely
fill existing voids within interflow zones. Processes by which
precipitation of these minerals occurs can be very complex and
are dependent on a host of variables including groundwater
chemistry, groundwater mobility and mixing rates, groundwater
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residence time, and local geothermal regime (USDOE, 1988).
The net effect of secondary mineralization on CRBG interflow
zones is & reduction, ranging from slight to total, in the perme-
ability of these zones. This process also is important in sealing
cooling fractures in dense flow interiors,

Stratigraphic Controls on Groundwater Flow in CRBG
Aquifers

Groundwater flow direction and rates within CRBG aquifers
depend on the presence and extent of both intrinsic and external
factors and features associated with the CRBG flows. Groundwa-
ter flow within CRBG aquifers appear to be generally separated
from one another by very low permeability flow interiors. Some
groundwater flow may occur locally around the flow pinchouts
- (Fig. 19), through vertically oriented fractures, and through faults.
However, overall vertical groundwater flow rate through the basalt
interiors between interflow zones is expected to be orders of mag-
nitude lower than the horizontal flow through the interflow zones
because of the very low permeability of flow interiors.

Incision into the CRBG intraflow zones, and consequent for-
mation of “erosional windows” into deeper CRBG aquifers, can
creale recharge and discharge areas into and out of CRBG aqui-
fers. Throughout the Columbia Plateat, erosional windows poten-
tially connecting CRBG aquifers are known to occur in the Chan-
neled Scablands region of the Columbia Platean (Fig. 20) and
can be inferred from geologic mapping (e.g., Stoffel et al., 1991;
Reidel and Fecht, 1994a, 1994b; Schuster et al,, 1997). Erosional
windows into the CRBG and uplifted areas along the margin of
the CRBG in the Willamette Valley also create such conditions.
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From a hydrogeologic standpoint, understanding the dis-
tribution of CRBG units and interbedded Ellensburg sediments
is a very important aspect of any analysis or model of CRBG
aquifer system. First, where Ellensburg interbeds are composed
of coarse-grained epiclastic sediments, they can potentially yield
significant quantities of groundwater. However, where an Ellens-
burg unit consists of fine-grained sediments, it may form an aqui-
tard. Second, as illustrated in Figure 21, the termination of CRBG
flows may allow Ellensburg units to be in local hydrologic com-
munication with each other, as well as post-CRBG (suprabasalt)
sediments. This situation does not commonly occur within the
Willamette Valley because interbeds are typically absent or very
thin and fine grained.

Water Level Data—Evidence for a Layered Confined
Aquifer System

Washington Department of Ecology (Ecology) has mea-
sured groundwater levels for up to 40 years in numerous wells
distributed throughout the Columbia Plateau. As part of this
effort, Ecology and the T1.S. Geological Survey (USGS) con-
structed a number of multilevel observation well clusters in the
central Columbia Plateau region in the 1970s and early 1980s to
evaluate the state of the groundwater resource and the response
of the CRBG aquifers to development away from the direct influ-
ence (“noise”) of a pumping well,

Groundwater elevation measurements obtained during the
same discrete time period can be used as an indicator of possible
connection between groundwater and surface water and how wel}
connected the basalt interflow zones are laterally and vertically.

Figure 19. Termination (“pinchout™ of a Sentinel Bluffs Member flow
(Grande Ronde Basalt), west of Quincy, Washington. All Columbia
River Basalt Group flows have flow margins (pinchouts) that mark the
lateral termination of individual basalt flows. Where flows pinch out, the
impermeable flow interior is absent and potentiaily water-bearing flow
tops and bottorns are in direct hydrologic connection. Flow margins can
Create very limited {single flow) vertical connections.

Figure 20. Wilson Creek Coulee in western Lincoln County, Wash-
ington. The coulee is eroded through the Wanapum Basalt (Roza and
Frenchman Springs Members) into the Sentinel Bluffs Member of
the Grande Ronde Basalt. This coulee is like dozens in the Columbia
Plateau region that were incised into multiple Columbia River Basalt
Group units, providing an opportunity to influence groundwater flow,
recharge, and discharge.
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Regular measurements taken over a number of years, particu-
larly from non-pumping wells, provide a record of pumping and
recharge to the interflow zones monitored by the well. The water
level measured in each well represents the water pressure in the
interflow zone(s) open to the well, Similarities and differences in
the levels and the trends between each well of a multiwell cluster
define the relatjonship with interflow zones monitored by each of
the wells in the cluster. If good vertical connection exists between
CRBG interflow zones, we would expect the water levels in dif-
ferent zones to be similar, and to react similarly over time. Con-
versely, differences in levels and/or trends indicate vertical sepa-
ration between the monitored zones.

Review of historical groundwater levels from multilevel well
clusters demonstrates that vertical flow pathways between the
CRBG interflow zones are limited and of low permeability. As
a consequence, the CRBG aquifers hosted by these zones com-
monly are hydraulically and geochemicatly separate and distinct.

Tolan et al.

The water levels from multilevel well clusters located throughoyt
the region corroborate this observation. Figure 22 shows a vertj-
cal profile of historical water-level wends in two different parts of
the Columbia Plateau.

Figure 22, which displays water levels from a CRBG mul-
tiwell cluster west of Odessa, Washington, shows that each
CRBG aquifer (interflow zone) has a distinctly different water
level. While all three aquifers show declining water levels
from the beginning of monitoring in 1973, each zone shows
a different trend, and those differences are maintained over
the entire record. The shallowest zone (MG02) experiences the
greatest declines between 1973 and 1990, whereas the deepest
zone (M04) exhibits a lesser water-level decline over the same
period, followed by a drastic increase in the rate of decline after
2000. This increase in the rate of decline in the deeper zone
reflects the shift in pumping from shallower to deeper CRBG
aquifers in the Odessa area. The relatively high water level in
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the deepest CRBG aquifer illustrates a high degree of confine-
ment and isolation from the shallower CRBG aquifers. While
the drilling into the deecp CRBG aquifer would restore the water
level in a well that was originally completed in one of the shal-
lower aquifers, the sharp rate of decline also shows that the
deepest CRBG aquiter is isolared from the others, and that the

higher water level condition realized by tapping into this deeper
aquifer is temporary.

The hydrographs from a CRBG multiwell cluster west of
(Odessa, Washington, also raises some interesting questions
regarding traditional well construction practices in the CRBG. In
the past the construction of water wells open to multiple CRBG
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interflow zones (aquifers) has been the norm, rather than the
exception. This is due to the fact that the CRBG has been gener-
ally treated as a single aquifer instead of a multiple confined aqui-
fer system. Therefore construction of water wells that are open to
more than one CRBG aquifer (interflow zone) creates manmade,
vertical pathways which allow groundwater Lo migrate between
CRBG aquifers having different hydraulic heads (USDOE, 1988;
Lite and Grondin, 1988: Wozniak, 1995). Therefore in regions
where groundwater within the CRBG is the primary source of
water, the CRBG groundwater system can have a significant
degree of vertical connectivity due to the large number of water
wells open to multiple aquifers.

Potential Recharge and Discharge—CRBG Aquifers

Early researchers recognized that the unique nature of the
CRBG aquifers provides limited opportunity for significant
recharge (Newcomb, 1959, 1969, USDOE, 1988; Hansen et
al., 1994). Recharge can occur by diffuse percolation through
the CRBG flow interiors over large areas. The very low verti-
cal permeability limits the rate of recharge by this process, but
the large areal extent of the CRBG could potentially result in
significant recharge on geologic timescales. Interflow zones for
CRBG units that are not exposed to overlying sediments nor are
present near the surface where they can receive direct recharge
can only receive recharge through these processes. However, the
development of secondary mineralization along vertical fractures
(USDOE, 1988; Lindberg, 1989) reduces the vertical permeabil-
ity and thus the rate of recharge via this pathway over time.

Infiltration vertically downward along faults, past the ends
of CRBG flow pinchouts, where CRBG flows are breached by
erosional windows, and on highlands within, and bordering
the flood-basalt province also are postulated mechanisms for
recharge of CRBG interflow zones. However the predominant
mechanism for enhanced recharge, particularly at rates and on
a timescale relevant (o stresses imposed by withdrawals in most
areas, is direct infilration to CRBG interflow zones where they
are present at, or near, the surface, and in direct hydrologic con-
nection with surface water or exposed to percolating precipitation
(Hart and Newcomb, 1956; Newcomb, 1959). Interflow zones of
a given CRBG unit typically crop out, or are in connection with
overlying sediment, over a limited area and thus may only have
limited recharge potential by this mechanism. Climatic and other
hydrologic changes over time may reduce (or increase) the water
available for recharge at the locations where a given CRBG inter-
flow zone is present to accept recharge, and thus the unit may
receive significantly less (or more) recharge under present condi-
tions than past.

On the Columbia Plateau, recharge of the deeper Wanapum
and Grande Ronde aquifers is inferred to result from interba-
sin groundwater movement originating around the edge of the
Columbia Plateau in areas where the Wanapum and Grande
Ronde Basalts are exposed (Gephart et al., 1579; USDOE, 1988;
Hansen et al., 1994) and from downward through overlying
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CRBG flows (Hansen et al., 1994), although the physical charag
teristics of CRBG flow interiors would limit the effectiveness gf |
this recharge mechanism.

Geochemical tracers and age dating in the central Colum.
bia Plateau region (Columbia Basin Groundwater Management
Area) indicates that deep CRBG units cropping out it couleeg
in northern Lincoln County, Washington, received the bylk
of recharge in the Pleistocene. Interflow zones of these unitg
are not in connection with existing surface water sources, ang
precipitation amounts are very low relative to evapotranspira.
tion. However, these areas were inundated in the past during
the Pleistocene. Whichever mechanism recharges the aquifer
system, the amount of recharge often is small relative to the
amount of current withdrawals, rendering the CRBG aquifers
vulnerable to overdraft. '

Groundwater discharge from the shallow CRBG aquifer
{Saddle Mountains Basalt} on the Columbia Plateau, is inferred
to be to surface water bodies (e.g., Columbia, Snake, and Yakima
Rivers) or to suprabasalt sediment aquifers (Newcomb, 1969;
USDOE, 1988; Hansen et al., 1994). Where the stratigraphically -
older CRBG aquifers (i.e., Wanapum and Grande Ronde aqui-
fers) are shallow, such as within Yakima Fold anticlines, water
gaps, and/or scabland coulees, it is inferred that these aquifers
discharge to the ovetlying suprabasalt sediment aquifer, surface
waters {e.g., Crab Creek, Columbia, and Snake Rivers), and the
shallower CRBG (Saddle Mountains Basalt) aquifer, if present
(Hansen et al., 1994). Erosional windows through CRBG dense
flow interiors at the top of the CRBG aquifers allow direct inter-
connection between the suprabasalt sediment and CRBG aqui-
fers (Graham et al., 1984) and between CRBG aquifers.

Potential discharge areas for the deeper CRBG aquifers (ie.,
Wanapum and Grande Ronde aquifers) in the Colurnhia Plateau
region are inferred where folds and faults bring Wanapum and
Grande Ronde flows closer to the surface. In contrast, Hansen et
al. (1994) also suggested that discharge from deep CRBG aqui-
fers may be directly upward through dense basale flow interiors
into the major rivers (e.g., Columbia and Snake Rivers). How-
ever, it is difficult to envision this potential discharge scenario
given the physical properties of CRBG basalt flows in this strati-
form aquifer system.

Groundwater Resource Limitations

CRBG aquifers present challenges to sustainable groundwa-
ter development throughout their extent (e.g., Newcomb, 1965,
Sceva, 1966; Luzier et al., 1968; Bartholomew, 1975; Luzier and
Skrivan, 1975; Oberlander and Miller, 1981; Norton and Bar-
tholomew, 1984; Lite and Grondin, 1988; Zwart, 1990; Cline and
Collins, 1992: Miller et al., 1994; Grondin et al., 1995; Conlon
et al., 2005). The hydraulic propexties inherent to CRBG aquifers
have led to overdraft conditions in many areas. Low storativity
values and relatively high horizontal conductivity of interflow
zones combined with very low vertical conductivity of dense
flow interiors result in a productive aquifer. With time, pumping
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produces rapidly moving and coalescing cones of depression with
low annual recharge rates. High horizontal conductivity in inter-
flow zones allows high well yields, but low vertical permeabil-
ity and limited recharge pathways result in low annual recharge
rates. Combined with low storativity and low bulk porosity, these
factors commonly lead to overdraft of CRBG aquifers. The pres-
ence of low permeability boundaries such as faults or interflow
“facies changes” can exacerbate seascnal drawdowns and limit
opportunity for annual recovery of the hydraulic head. For exam-
ple, all but two of the ~22 areas declared groundwater-lmited or
critical groundwater areas in Oregon are associated with over-
draft conditions in CRBG aquifer systems, and 17 of these areas
are located within the Willamette Valley,

Another ongoing challenge is well construction. Construc-
tion of water weils that are open to more than one CRBG inter-
flow zone creates several challenges: (1) water level measure-
ments, water flow rates, and water quality represent the properties
of multiple interflow zones and make comparison between wells
difficult; and (2) the open boreholes create manmade, vertical
pathways that allow groundwater (and contaminants) to migrate
between CRBG aquifers having different hydraulic heads (Lite
and Grondin, 1988; USDOE, 1988; Grondin et af., 1995). In
the past, construction of water wells open to multiple CRBG
interflow zones (aquifers) was common because drillers sought
to insure a productive well, and the CRBG has been generally
treated as a single aquifer instead of a multiple aquifer system.
The consequences of this “open-hole” type of well construction
resulis in depressurizing, and ultimately dewatering, the aquifers.
Rapid depressurizing of small, compartmentalized CRBG aqui-
fers leads to water-level decline, increased pumping costs, and
when declines fall below pumps, results in deepening of wells.
The percentage of water-level declines that can be attributed 10
this mechanism is generally not known, but recent work in the
Mosier, Oregon area (Erick Burns, 2009, written comumun.) indi-
cates that it can be a significant cause of decliné.

Impacts on surface water resources from CRBG groundwa-
ter development is another challenge that, to date, has received
very little attention. The connection between CRBG interflow
zones and surface water drainages is often inferred (e.g., Miller
¢t al., 1994), but the hydrologic relationship is seldom quanti-
fied aside from regional modeling studies. However, one of the
best examples of where the impact has been directly measured
is near Mosier, Oregon (Newcomb, 1969; Lite and Grondin,
1988). Mosier Creek changes from a gaining stream (Newcomb,
1969) to a losing stream where the stream flows across a contact
between CRBG units (Lite and Grondin, 1988), and the change
has been correlated with declining groundwater levels.
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