





Jal

|

RHO-8W-5A-318P

Paleodrainage of the Columbia
River on the Columbia Plateau
of Washington State:

A Summary

Date Manuscript Completed: December 1985

Karl R. Fecht
Stephen P. Reidel

Ann M. Tallman
Basalt Waste Isolation Project
Rockweli Hanford Operations

Prepared for the U.S. Department of Energy
under Contract DE-AC06-77RL0O1030

‘l‘ Rockwell International
Rockwet! Hanford Oparath
PO Box 80O
Richtand, Washington 99352

I

Y

i




































RHO-BW-SA-318 P

IDENTIFICATION OF STREAM COURSES

Ancestral stream courses on the Columbia Plateau are delineated using
the distribution, texture, and composition of fluvial sequences, as well as
erosional features, intracanyon flows, hyaloclastites, and pilloved basalts
associated with the basalt sequences. Stream courses are most commonly
delineated based on the distribution of fluvial sediments, which occur
either as narrow and well-confined channel deposits or as broad extensive
sheets. Commonly found within the laterally extensive fluvial sediments are
narrow trains of gravel that are inferred to mark the main channels of
ancestral streams. The composition of the detrital sediments is used to
determine the general provenance of the headwaters of major streams and
their tributaries. Volcaniclastic sediments were derived principally from
the volcanic terrain of the southern and central Cascade Range to the west
of the plateau. Sediments composed mainly of plutonic and metamorphic
debris were derived from the northern Cascade Range, the Okanogan Highlands
to the north of the plateau, and/or the foothills of the Rocky Mountains to
the east of the plateau. Metabasalt clasts present in interbeds and supra-
basalt sediments in the Lewiston area, on the Palouse Slope, and locally in
the central Columbia Plateau serve to distinguish the major streams draining
the northern and northeastern Columbia Plateau from major streams draining
the eastern plateau. Fluvial deposits composed mostly of basaltic sediments
are generally assumed to have come from streams that originated on the
plateau or whose drainage area is m~stly within the plateau.

In places, narrow steep-walled canyons have been carved into the basalt
by streams. Ancestral canyons eroded into basalt were particularly common
in the eastern plateau of Washington during the middle to late Miocene
(Swanson et al. 1980; Camp 1981) and were later filled with lava %o form
“intracanyon flows." Traces of the intracanyon flows are important evidence
for defining the position of ancestral streams (Swanson and Wright 1979;
Tolan and Beeson 1984). During the Pleistocene, narrow steep-walled canyons
were also scoured into the basalt by catastrophic glaciofluvial floodwaters.
These channels generally remain only partially filled with sediments and
form the anastomosing channels of the Channeled Scabland (Bretz 1923).

The intraflow character of basalt units also indicates the presence of
ancestral streams or lakes. Hyaloclastites and pillowed basalts tnat
resulted from the rapid quenching of lava upon entering water (Fuller 1931;
Waters 1960) are common to many flows in the northern and western Columbia
Plateau. The areal extent of these features aids in defining the position
of ancestral streams or 1-kes and has been particularly usefui in Jafining
major stream drainage dur.ng the emplacement of Grande Ronde and ~anapum
Basalts. However, hyaloclastites and pillowed basalts are not commonly
associated with ancestral streams in the central or eastern Columpia Plateau
except on the immediate margin of the eastern plateau. Apparentiy, lavas
that were erupted in the eastern plateau commonly dammed the upper reaches
of streams on the Palouse Slope and the lavas flowed down essentially dry
stream charnels (Swanson et al. 1979b; Camp 1981).
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CONTROL OF STRtAM COURSES

Geologic features contralling the courses of major streams on the
Columbia Plateau include (1) the broad, gently dipping regional paleoslopes,
(2) constructional topography developed by the emplacement of lava flows and
volcaniclastic debris and, less commonly, by sedimentary sequences, and
(3) structurally uplifted ridges and subsided synclines and basins.

Three major paleoslopes have provided the primary control for stream
drainage on the Columbia Plateau in Washington State: (1) the westward-
dipping Palouse Slope on the eastern plateau, (2) the southward-dipping
Cotumbia Slope on the north, and (3) the eastward-dipping Cascade Slope on
the west (see fig. 1l). The Palouse Slope is the most extensive of the three
paleoslopes. During the emplacement of the Grande Ronde ard Wanapunm
Basalts, the Palouse Slope was the dominant topographic feature of the
plateau. [t extended from the foothills of the Rocky Mountains and gently
dipped westward to the ancestral Cascade Range (Swanson et al. 1979n). The
Columbia Slope, which gently dips southward into the Pasco Basin (Schmincke
1964, 1967a) formed as the result of subsidence of the central! Columbia
Plateau starting at least by early to middle Miocene, but apparentiy had
little effect on stream courses until about middle Miocene. The Cascade
Slope is underlain by volcaniclastic and pyroclastic debris that was
transported eastward from the ancestral Cascade Range onto the plateau.

Emplacement of lava flows and deposition of sedimentary detritus formed
constructional topography that forced realignment of stream courses. Basalt
flows dammed streams and led to the development of streams rurning marginal
to flow fronts during most of the Columbia River basalt eruptive episode.

In the western plateau during the Miccene, volcanic erupticns and eastward-
flowing streams in the ancestral Cascade Range aggraded voicanic lanars and
volcaniclastic sediments out onto the plateau and into the major drainage
channel. In the Pleistocene, catastrophic floodwaters depcsited thick
sequences of gravel that clogged and blocked drainages in the Pasco Basin
forcing streams to establiish new courses.

Folding on the Columbia Plateau has resulted in the shifting cf stream
courses away from developing structural ridges and into ad;acent developing
structural lows and in the entrenching of streams into structural -~idges.
The shifts in stream courses resulting from deformation have occurrad mainly
along the margins of the plate2au and in the Yakima Fold Beit of tne westarn
platedu wher - fglding has been most extensive., There are pcrtions 2f tnae
Columbia and Yakima Rivers tnat are antecedent to the uplift of the vakima
folds. The antecedent streams have incised deep gorges arc water gaps
between structural basins. The eastern plateau has remaired relatively
undeformed except for the gentle westward-dipping Palouse Slcpe and the
basins in southeastern Washington. Streams cn the easterr plateau are con-
sequent flowing essentially westward down the Palouse Slope.
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margin of the plateau. However, the ancestral Columbja River and its tribu-
taries in the northeastern portion of the Columbia Plateau reestablished
courses altong the northern platedu margin.

In the southeast Columbia Plateau, the effects of emplacement of
Wanapum or Grande Ronde flows on drainage (..e., the ancestral Clearwater
and Salmon Rivers) from the Clearwater Embayment are not accurately known.
However, the absence of interbedded sediments and erosional features
associated with Grande Ronde and Wanapum flows on the Palouse Slope on the
north side of the emerging Blue Mountains suggests streams draining the
Clearwater Embayment may have been flowing south during early Miocene time.

MIDDLE TO LATE MIOCENE

During middle to late Miocene time, Columbia River basalt volcanism was
waning, and flows of the Saddle Mountains Basalt were areally restricted to
ancestral river canyons and valleys in the eastern plateau, the subsiding
central portion of the plateau, and river canyons through the ancestral
Cascade Range (Myers/Price et al. 1979; Swanson et al. 1980; Waters 1973;
Tolan 1982). With less frequent basaltic eruptions, a relatively well-
integrated river system deposited sediments over extensive parts of the
central and western plateau (Mason 1953; Laval 1956; Schmincke 1964).
Deformation within the Yakima Fold Belt of the western plateau, which was
largely masked by earlier frequent and voluminous volcanic eruptions, formed
subtle topographic features of sufficient relief to control the distribution
of Ellensburg sediments and Saddle Mountains flows (Reidel et al. 1980;
Reidel and Fecht 1981). The subsidence of the central plateau, which was
initiated at least by the time of Grande Ronde flows, formed slopes gently
dipping toward the structural and topographic low of the central plateau.
These slopes also controiled the distribution and thickness of sediments and
basalt flows.

As the central plateau was subsiding, the ancestral Columbia River
began entrenching itself to about its present position along the northern
and northeastern margin of the plateau (fig. 6). South of Wenatchee, the
course of the ancestral Columhia River shifted from a southwesterly course
along the flow fronts of Wanapum flows to a more southerly course as d
result of continued uplift of the Hog Ranch structure. The river w~as
shifted to a course flowing south down the forming Columbra Stope (Schmincke
1964, 196/a) and through the structural low in the Saddle Mountdains a4t
Sentinel Gap. Laterally, the river was controiled by the Hog Rancn struc-
ture to the west anc the Palouse Slope to the east. The timing of the shift
appears to have preceded the eruption of the Saddle Mountains flows, bhased
on the abundance of arkosic sediments that are present within the Mabton
Member of the Ellensburg Formation in the Pasco Basin and vicinity
[Myers/Price et al. 1979; Reidel and Fecht 1981). Ffollowing the shitt to a
southerly course from Wenatchee to Sentinel Gap, the Columbia River bhegan
entrenching into its present position as a result of continued uplift of
ridges and subsidence of the central plateau.
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Figure 6. Stream Drainage.on the Northern Part of the Columbia Plateau during the Middle
to Late Miocene, Post-Umatilla Interval. (See figure 1, sheet 2 for symbol legend.)
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On the western Columbia Plateau, the Yakima River and its tributaries
began forming an integrated drainage system after the position of the
Columbia River was established east of the Hog Ranch structure. Eastward-
flowing streams in the Yakima River drainage developed as they were able to
overcome the constructional topography of basalt flows that had ceased
encroaching on the northwestern plateau. £1lensburg sediments were
deposited in the developing Kittitas Basin primarily by eastward-flowing
streams that were laden with volcaniclastic sediments from the ancestral
Cascade Range. South of the Kittitas Basin, between Ellensburg and Yakima,
the Yakima River, which apparently meandered over an ancestral lowland,
hegan entrenching a course across the rising structural ridges of the Yakima
Fold Belt (see fig. 6). The antecedence of the Yakima River to the fold
belt has long been recognized (Smith [903; Calkins 1905; Waters 1955).
Apparently, the entrenchment of the Yakima River resulted from the ccmbined
effect of uplift of ridges and subsidence of basins in the western plateau.

The remaining discussion of middle to late Miocene time will he pri-
marily directed to the Yakima Valley and Pasco Basin areas, where the
emplacement of flows and deformation of the plateau has had a pronounced
influence on drainage development. The discussion is based on the intervals
between eruptions of Saddle Mountains Basalt. Intervals are used in this
paper for convenience rather than formally and informally named interbeds,
primarily because flows are not as areally extensive as the sedimentary
deposits.

Post-Umatilla Interval

Stream drainage on the Columbia Plateau in southern Washington follow-
ing emplacement of the Umatilla Member is reconstructed from (1) the rem-
nants of the canyon-filling Wilbur Creek Member, (2) the position of the
established courses of the Columbia and Yakima Rivers in the northern pla-
teau, and (3) the distribution of Ellensburg sediments along the margin of
the Umatilla Member in the Yakima Valley. The Wilbur Creex Member aas a
relatively small-volume eruption that was confined to an ancestral stream
canyon in Washington State and, therefore, defines the position of that
stream (see fig. 6). Wilbur Creek lava was erupted from fissures in the
North Fork area of the Clearwater River in [daho and flowed down canyors of
the ancestral Clearwater drainage into the Lewiston Basin (Camp 1976, 1981).
Stream gravels occur beneath the Wilbur Creek Member in the (learaater
Embayment (Camp 1981). 4ilbur Creek 1ava flowed out of ths Lewiston 8asin
in a northwesiorly direction and onto the Uniontown Plateau around the
rising Blue Mountains, and then westward dcwn the Palouse Slope filling the
ancestral Clearwater-Salmen River canyon (Swanson et al. 1979b, 1980). At
Warden, the intracanyon remnants of the Wilbur Creek Member trend southwest-
ward across the northern Pasco Basin and westward to Yakima (Bentley 1977
Myers/Price et al. 19/9; Reidel et al. 1980). I[n the Pasco Basin, this
ancestral river was controiled within the structural low of the developing
Wahluke syncline and hetween the rising Saddle Mountains to the north and
the thick (45 m) flow-front of the Umatilia Member to the south (Reidel
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et al. 1980; Reidel and Fecht 1981). The Columbia River, flowing south
through the Saddle Mountains at Sentinel Gap, apparently joined the
ancestral Clearwater-Salmon River in an area southeast of Priest Rapids Dam
(see fig. 1 and 6). The course of the combined rivers between the Pasco
Basin and Yakima continued to be controlled on the south by the flow-front
of the Umatilla Member and to the north by the rising Yakima Ridge. In the
Yakima area the combined Columbia/Clearwater-Salmon River joined the
ancestral Yakima River to flow in a southwesterly course possibly through
the Grayback Mountain paleocanyon to the Columbia River Gorge area where the
streams occupied the Bridal Veil channel of Tolan and Beeson (1984). The
southwesterly stream course was generally controlled by the western margin
of the Umatilla Member to the east and the syncline of the northeast-
southwest-trending Yakima folds of this area.

Post-Wilbur Creek Interval

The position of major stream courses during the post-Wilbur Creek
interval (fig. 7) is very similar to that of the post-Umatilla interval (see
fig. 6). The similarity of positions is due to (1) lack of sufficient
volume of lava in the Wilbur Creek eruption to disrupt drainage development,
(2) the maintenance of the same structural and constructional controls
during both intervals, and (3) the short period between the two intervals.
Stream courses during the post-Wilbur Creek interval are mainly defined by
the canyon-filling and minor valley-filling flows of the Asotin Member
(Swanson et al. 1979b, 1980; Myers/Price et al. 1979; Reidel et al. 1980).
The Asotin Member erupted from a source area in the Clearwater drainage
(Camp 1981) and flowed down the ancestral Clearwater-Salmon River canyon
from the Lewiston Basin across the Palouse Slope to the Pasco Basin (see
fig. 7). In the topographic and structural lows of the lewiston and Pasco
Basins, the Asotin lava overflowed the river channel and spread laterally,
partially filling the basins (Camp 1981; Reidel et al. 1980; Reidel and
Fecht 1981). The thickest section of Asotin basalt in the Pasco Basin
(+67 m) is located just north of the approximate margin of the Umatilla
Member. The thick section of Asotin Basalt is interpreted to correspond
with the former position of the ancestral Clearwater-Salmon River, although
no extensive sedimentary deposits are known to be associated with the post-
Wilbur Creek interval. The courses of the Columbia, Clearwater-Salmon, and
Yakima Rivers from the « itral plateau into the pre: t-day Columbia River
Gorge area remained essentially unchanged from the post-Umatilla interval
(see fig. 7).

Post-Asot*- "-*-p--"

Following the eruption of the Asotin Member, the ancestral Clearwater-
Salmon River reestablished a course on the Palouse Slope +25 km south of the
river canyons formed during the post-Umatilla and post-Wilbur Creek inter-
vals (fig. 8). The ancestral Clearwater-Salmon River incised a canyon into
the Palouse Slope that is now preserved by the Esquatzel intracanyon flow
(Swanson et al. 1980). The new course was located near the present-day
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across the east end of Yakima Ridge. The gravel train is flanked by fining-
upward cycles of sandstone and mudstone that thin and grade to mainly sandy
mudstone, and mudstone on to the eastern and southern margins of the Pasco
Basin.

Southwest of the Pasco Basin, the course of the ancestral Columbia
River shifted widely across the Rattlesnake Hills based on the widespread
occurrence of gravels mapped in the Rattlesnake Ridge interbed by Schmincke
(1967a). The ancestral Columbia River joined the Yakima River in the pre-
sent upper Yakima Valley between about Union Gap and Toppenish Riige and
then flowed across the eastern part of the Yakima Indian Reservation
(Bentley et al. 1980). The combined course of the rivers ~pparently flowed
southwest in the paleocanyon and into the Bridal Veil channel of Tolan and
Benson (1984). These paleocanyons have been partially filled by Pomona
lava.

The main course of the ancestral Clearwater-Salmon River has been only
tentatively defined in the central Columbia Plateau during the Pcst-Pomona
interval. Based on examination of borehole samples and surface expcsures of
the Rattlesnake Ridge interbed in the Pasco Basin, there has been no evi-
dence found to establish the ancestral Clearwater-Salmon River from the
Palouse Slope westward across the Pasco Basin. Lithologies of cravel! clasts
of the ancestral Columbia River west of the Pasco Basin were also examined
to determine if the ancestral Clearwater-Salmon River may have jcined the
ancestral Columbia in the central plateau of Washington State. Key litho-
logies of the ancestral Clearwater-Salmon River (e.g., metabasalts) are
absent, suggesting that the ancestral Clearwater-Salmon River did not fiow
across the central plateau, [t is believed that the course of the ancestral
Clearwater-Salmon River may have been diverted south of the Pasco Basin
through Horse Heaven Hills, probably at Wallula Gap.

The course of the Clearwater-Salmon River through Wallula Gap is, in
part, based on the occurrence of a gravel unit exposed near the crest of the
Horse Heaven Hills on the west side of the Gap. The gravels are composed of
a mirture of basaltic, metamorphic (including metabasalts), ard plutonic
rocks, in similar proportions to gravel deposits in the ancestra:
Clearwater-Salmon River drairage on the eastern Columbia Plateau. These
aravels are main-channel deposits of the ancestral (Clearwsater-Saimen River.

t Wallula Gap, the gravels fcorm an urnnamed interbed of the tiiersburg
Formation that partially rills a canycn eroded into the Umatiila “Memper and
are capped by the Ice Harzor Member (basait of Martindale) of tre Saddle
Mountainrs “asalt (ARHCO 1976). The age of the gravels is not w2’ con-
strained. Field mapping in the Wallula Gap area on the north flank of the
Horse Heaven Hills has not revealed the presence of exotic gravel!s within
interbeds beneath the Ice Harbor, Elephant Mountain, or Pomora “embers at
other ‘ocalities (Gardner et at. 198l). However, gravels in the same stra-
tigraphic position and of similar composition occur 10 km northeast of
Wallula Gap along the present-day Walla Walla River. The occurrence of
basaltic gravels in the Selah Member immediately northeast of Walluia Gdp
{see post-Ecquatzel interval) suggests that the unnamed interbea is probably
post-Selah in age.
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If the gravels at Wallula Gap are in part, post-Pomona interval in age,
then the westerly flowing ancestral Clearwater-Salmon River was probably
diverted to a southwesterly course along or very near the flow front of the
Pomona Member in the southeastern Pasco Basin (see fig. 10). Oiversion of
the ancestral Clearwater-Salmon River across the Horse Heaven Hills at
Wallula Gap may have been in response to constructional topography built by
the emplacement of the Pomona Member. The river course through the Horse
Heaven Hills was apparently controlled by the southern flow-front of the
Pomona Member on the west side of Wallula Gap and by a structural low in the
Horse Heaven Hills at the Gap, based on field mapping of Gardner et al.
(1981).

Southwest of Wallula Gap, the ancestral Clearwater-Salmon River prob-
ably flowed southwest into the forming Umatilla Basin where the river was
captured by a river system draining north-central Oregon. In the Umatilla
Basin, the major river was probably controlled in the forming Umatilla syn-
cline south of the southern margin of the Pomona Member. This course is
based on the occurrence of fine-grained sediments in the Rattlesnake Ridge
interbed within the Umatilla basin (Shannon and Wilson 1972, 1975). No
coarse-grained clastics associated in the Umatilla Basin with the river
system of the post-Pomona interval have been observed that contain
lithologies diagnostic of the ancestral Clearwater-Salmon River. The lack
of these sediments m:.y be due to erosion and reworking of fluvial sediments
in the area over the past 10.5 to 12 m.y. The major river of the north-
central Oregon system is assumed to have flowed west, parallel to the axis
of the forming Umatilla-Dalles syncline and through the Columbia Hills at
the present-day Columbia River water gap. The water gap is interpreted to
have been an active major stream course through the Columbia Hills since at
least the beginning of middle to late Miocene time. This interpretation is
based on the absence of erosional features, intracanyon flows, or coarse-
grained clastics of late Miocene age elsewhere across the Columbia Hills.
This ancestral river joined the ancestral Columbia-Yakima River between the
Columbia Hills Water Gap and Hood River, Oregon, to flow through the
ancestral Cascade Range.

Post-Elephant Mountain Interval

Following the Elephant Mountain volcanic episode that inundated much of
the central Columbia Plateau, the major ancestral rivers reestablished
courses in about the same position as the courses of the major rivers in the
Post-Pomona interval.

The presence of the ancestral Columbia River in the post-Elephant
Mountain interval is defined by the widespread occurrence of stream gravels
that overlie the Elephant Mountain Member from the Sentinel Gdap area south-
west to the Columbia River Gorge. The gravels include the quartzite gravels
of Warren (1941), Snipes Mountain conglomerate of Schmincke (1967a), and
"gravels of the ancestral Columbia River" of Campbell (1979) and Rigby
et al. (1979). These ancestral Columbia River gravels are composed of
quartzitic clasts as well as plutonic, basaltic, and other metamorphic
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clasts. Russell (1893) and Waring (1913) first described the

occurrence of quartzitic pebbles in the southwestern Columbia Plateau.
Warren (1941) suggested that the gravels marked the former course of the
Columbia River from Sentinel Gap southwest through Satus Pass and into the
Columbia River Gorge. Waters (1955) demonstrated that Satus Pass resulted
from local stream capture and not from a course incised by an ancestral
Columbia River. The relatively broad course of the ancestral Columbia River
south and east of Satus Pass in the Goldendale area was determined by
Schmincke (1967a) and Rigby et ai. (1979) based on the widespread occurrence
of quartzitic gravels.

The general course of the ancestral Columbia River during th2 pest-
Elephant Mountain interval can be defined by the distribution of
"guartzitic" gravels from Sentinel Gap area southeast around the east end of
Umtanum Ridge and southwest in a broad path over the Rattlesnake Hills to
Snipes Mountain (fig. 11). The course of the river over the central
Columbia Plateau was not controlled by flow margins as occurred in many of
the earlier Saddle Mountains intervals. Near the center of the path of
"quartzitic" gravels, an erosional canyon has been cut in and through a
structural low across the Rattlesnake Hills. [t is speculated here that an
ancestral Columbia River may have cut a channel into the ridge forming
"Sunnyside Gap" during uplift of the hills after emplacement of the Elephant
Mountain Member (see fig. 11).

Ouring this interval, the ancestral Yakima River was flowing south from
Yakima through Union Gap in Ahtanum Ridge and southeastward into the upper
Yakima Valley (Toppenish Basin) (see fig. 11). Sediments deposited by the
ancestral Yakima River were mainly composed of volcanic debris. Immediately
south of Snipes Mountain, the gravel train is composed of a mixture of
volcanic, plutonic, and metamorphic clasts, which represents the combined
courses of the ancestral Yakima and Columbia Rivers (Schmincke 1964). The
combined rivers flowed southwesterly toward Goldendale and into the present-
day Columbia River Gorge area along a course suggested by Warren (1941).
This is consistent with the southwestern current directions measured by
Schmincke (1964) and the mixed Tithologies of the gravels.

The westerly flowing ancestral Clearwater-Salmon River on the Palouse
Slope was flowing in a southwesterly course along or very near the flow
front of the Elephant Mountain flows to Wallula Gap (see fig. 11). The
river course through the Horse Heaven Hills was apparently controlled by the
flow front of the Elephant Mountain Member on the west side of Wallula Gap
and by a structu al low in the Horse Heaven Hills at the Gap, based on field
mapping of Gardner et al. (1981). South of the Horse Heaven Hills in north-
central Oregon, the major stream of this region flowed west parallel to the
axis of the Umatilla-Dalles syncline and through the Columbia Hills Water
Gap as during the post-Pomona interval.
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LATE MIOCENE TO MIDDLE PLIOCENE

The ancestral Clearwater-Salmon River apparently continued to flow
through Wallula Gap during the late Miocene to middle Pliccene (fig. 12),
although sediments indicative of an ancestral Clearwater-Salmon River course
have not been found west of the Palouse Slope. The composition of gravel
clasts indicative of the ancestral Clearwater-Salmon River are rarely found
in the Snipes Mountain conglomerate. The absence of the clasts in the
Snipes Mountain ccnglomerate suggests that the course of the ancestral
Clearwater-Salmon River was probably maintained across the southeastern
Pasco Basin through Wallula Gap. The course was probably controlled by the
constructional topography built by the Ice Harbor Member (Myers/Price et al.
1979; Gardner et al. 1981).

The course of the ancestral Columbia River was restricted to the struc-
tural lows of the Pasco Basin and lower Yakima Valley and was controlled by
the structural topography of rising ridges and constructional topography of
the Ice Harbor Member. The southwesterly course of the ancestral Columbia
River across the Yakima Ridge and Rattlesnake Hills was apparently diverted
by combined uplift of these ridges and subsidence of the Pasco Basin. Com-
pared to the post-Elephant Mountain interval (see fig. 11), the new course
of the ancestral Columbia River was shifted eastward around the east end of
Umtanum Ridge and into the central Pasco Basin (see fig. 12). Extensive
gravel deposits that overlie *he Elephant Mountain Member have been
encountered in drill holes in the central Pasco Basin (Fecht and Lillie
1982) and mark the course of the river in the central basin. These gravels
are over 30 m thick (Brown and Brown 1961; Routson and Fecht 1979) and are
lithologically similar to gravels found along the former course of the
ancestral Columbia River over the Yakima Ridge and the Rattlesnake Hills.
These gravels form the basal Ringold unit (Routson and Fecht 1979; Tallman
et al. 1979; Myers/Price et al. 1979) and mark the beginning of deposition
of the Ringold Formation in the Pasco Basin.

Within the central Pasco Basin, the basal Ringold gravels essentially
terminate north of the Ice Harbor Member margin (see fig. 12). In the
southern Pasco Basin, the basal Ringold gravels are only locally present and
attain a maximum known thickness of »2 m (Brown 1979)., The basal Ringold
gravels have been considered to be, in part, equivalent to the Levey
interbed of the Ellensburg Formation that lies beneath the [ce Harbor Memper
(Brown and Brown 1961). The Levey consists of the arkosic sandstones and
mudstones that do not coarsen near the margin of the Ice Harbor flows. The
basal Ringold gravls are probably nct a lateral equivalent to the Levey
interbed, but were deposited after emplacement of the Ice Harbor Member.

The age of the basal Ringold gravels must be less than the age of the Ice
Harbor Member, which has been dated at 8.5 m.y. (McKee et al. 1977) and
which also marks the general end of Columbia River basalt volcanism.
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The course of the ancestral Columbia River southward from the centra)
Pasco Basin is defined by a series of thin remnant gravel deposits exposed
on the southeastern slope of Rattlesnake Mountain and on the north flank of
the Horse Heaven Hills near Prosser. These gravels overlie the Elephant
Mountain Member and are lithologically similar to the "quartzitic" gravels
on nearby ridges and in the central Pasco Basin. Based on the trend and
similarity in composition of these gravel deposits, the ancestral Columbia
River is interpreted to have flowed from the central Pasco Basin southwest
into the lower Yakima Valley (Brown 1966; Fecht et al. 1982) (see fig. 12).

In the lower Yakima Valley, the ancestral Columbia River joined the
ancestral Yakima River in the same approximate location as during the post-
Elephant Mountain interval, which was between Sunnyside and the east end of
Toppenish Ridge (see fig. 12). The combined course of the ancestral
Columbia-Yakima River to the Columbia River Gorge area was similar to that
of the previous interval (see fig. 11).

The shift of the Columbia River to a course flowing through the Horse
Heaven Hills at Wallula Gap has long been debated by geologists. Warren
(1941) thought that uplift of the Horse Heaven Hills defeated the former
course of the Columbia and Yakima Rivers and that the courses of the rivers
shifted eastward to a lower path across the ridge at Wallula Gap. Waters
(1955) argued that the Columbia River was defeated by accelerated deposition
of volcaniclastic sediments from eastward-flowing streams draining the
Cascade Range that forced the ancestral Columbia River to the east.
Schmincke (1964) observed that “quartzite-bearing" gravels stratigraphically
overlie the volcaniclastic sediments and therefore, volcanic debris could
not have diverted the ancestral Columbia River eastward. Waters (1955)
observed flows of olivine-rich basalt of the Simcoe lavas erupting in the
area of the Simcoe Mountains (see fig. 1), that had filled former stream
valleys and eroded into the Columbia River basalts and the Ellensburg Forma-
tion. The presence of the widespread gravels of the Snipes Mountain con-
glomerate over the Horse Heaven Hills and the absence of a canyon that was
typical of earlier river channels suggests that channel incision by the
ancestral Columbia-Yakima River across the Horse Heaven Hills was
interrupted. Whether the Simcoe lavas repeatedly blocked the Columbia-
Yakima River drainage across the Horse Heaven Hills and forced a more
easterly course needs further study. However, we have evidence to propose
that continued subsidence of the central Columbia Plateau centered in the
Pasco Basin and uplift of the Yakima folds, specifically the Horse Heaven
Hills, were important components in the diversion of the Columbia River.
tield mapping a1 i borehole studies have demonstrated continued subsidence of
the central Columbia Plateau since at least the early Miocene to about the
middle Pliocene (Routson and Fecht 1979; Myers/Price et al. 1979; Reide!
et al. 1980; Reidel and Fecht 1981; Taliman et al. 1981; PSPL 1982). Once
the ancestral Columbia River overcame the constructional topography of the
Ice Harbor Member, it apparently flowad southeast in the trough of the Pasco
syncline of Newcomb et al. (1972). South of Pasco, the river was captured
by the ancestral Clearwater-Salmon River channel. The Yakima River was also
diverted from a southwesterly course across the Horse Heaven Hills to a
southeasterly course down the lower Yakima Valley and into the Pasco Basin
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through Badger Coulee (fig. 13). The diversion of the Yakima River occurred
at about the same time as the Columbia River, based on the absence of sedi-

ments consisting of distinctly volcaniclastic material in the area where the
former combined Columbia-Yakima River crossed the Horse Heaven Hills.

Following the capture of the Columbia and Yakima Rivers, the rivers on
the plateau continued to aggrade sediments in the developing synclinal
troughs and basins and to scour ever-deepening gorges through rising basal-
tic ridges. Deposition of sediments in structural basins continued on the
plateau until about the middie Pliocene. The continued aggradation of the
sedimentary sequences is due to a high relative base level that resulted
from (1) the absence of Columbia River basalt volcanism that formed con-
structional topography on the plateau except in the area of the (learwater
Embayment (Swanson et al. 1979a; Camp 1981), (2) continued subsidence and
folding of the plateau (Caggiano and Ouncan, 1983), (3) uplift of the
Cascade Range, and (4) possibly volcanism in the Columbia River Gorge area
that repeatedly choked the Columbia River with hyaloclastic debris and lava
flows (Tolan and Beeson 1984).

In the western Columbia Plateau the Yakima River and its tributaries
deposited the Pliocene Thorp Gravel of Waitt (1979) that unconformably over-
lies the Ellensburg Formation in the Kittitas Basin. South into the
Toppenish and Satus Basins, the Yakima River and its tributaries deposited
sediments similar to those in the Kittitas Basin. Here the volcanic sedi-
ments of the Ellensburg Formation are unconformably overlain by these gravel
deposits, which formed fluvial terraces and fans along the basin margins.
These gravels may be equivalent to the Thorp Gravel (Bentley 1977; Rigby
et al. 1979; Campbell 1983).

In the eastern Columbia Plateau, the ancestral Clearwater and Salmon
Rivers deposited the North Lewiston Gravel, Clearwater Gravels, Clarkston
Heights Gravel, and perhaps the Clarkston Gravels in the Lewiston Basin
(Kuhns 1980; Waggoner 1981). On the Palouse Slope the ancestral (learwater-
Salmon River deposited gravels that are found below the Lower Monumental
Member of the Saddle Mountains Basalt (see fig. 12). The Walla Walla River
and its tributaries deposited an "old gravel and clay” unit with gravel
clasts derived from Columbia River basalt (Newcomb 1965). The “"old grave)
and clay” unit is up to ~180 m thick in the Walla Walla Basin.

[n the central plateau, the most extensive fluvial deposit of late
Miocene to middle Pliocene age is the Ringold Formation (Merriam and Buwalda
1917). The Columb.a River and its tributaries from the Palouse Slope
deposited mainly fine sands, silts, and clays up to 165 m thick in the
Quincy Basin (Grolier and Bingham 1971, 1978). South into the Pasco Basin
the Columbia, ancestral Clearwater-Salmon, and Yakima Rivers deposited up to
360 m of Ringold sediments. The sediments are composed of gravel, sand,
silt, and clay that can be informally subdivided into four or more units
based on texture (Newcomb et al. 1972; Brown 1979; Tallman et al. 1979; PSPL
1982). The upper Ringold unit, exposed at the White Bluffs in the northeast
Pasco Basin, is composed of mainly fine sands and silts that contain micro-
tine rodent fossils 3.7 to 4.8 million years old. These ages are consistent
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particularly Glacial Lake Missoula, released tremendous volumes of meltwater
that catastrophically flooded major portions of the Columbia Plateau of
Washington State. The major floods obliterated much of the secondary drain-
age system of the Palouse Slope and caused minor changes in the course of
the Columbia and Yakima Rivers in the Pasco Basin,

In the Kittitas Basin, till and outwash accumulated during three
Cascadian alpine glacial events, which are defined as the Lookout Mountain
Ranch Drift (pre-Kittitas Drift in age), Kittitas Drift (~130,000 to
140,000 yr in age), and the Lakedale Drift (»10,000 to 20,000 yr in age)
(Porter 1976; Waitt 1979). Glaciation in the upper Kittitas Valley and
deposition of outwash into the central Kittitas Valley had littlc effect on
the course of the Yakima River on the Columbia Plateau during the
Pleistocene.

In the north-central Columbia Plateau, the Okanogan Lobe of the Cor-
dilleran Ice Sheet (see fig. 14) encroached onto the Waterville Plateau
(Salisbury 1901; Waters 1933; Flint 1935). The Okanogan Lobe periodically
impounded the Columbia River in the Columbia Valley to form temporary lakes
(Glacial Lake Columbia) and resulted in the diversion of the Columbia River
to a more southerly course through a series of coulees south and east of the
Waterville Plateau (Bretz 1923; Hanson 1970). The diversion of the Columbia
River was temporary and upon retreat of the Okanogan Lobe north of the
Columbia Plateau, the Columbia River reestablished its course along the
northern margin of the plateau in its previous channel.

The most significant change to -the drainage system on the Columbia Pla-
teau during the Pleistocene resulted from catastrophic floods that emanated
from glacial lakes. Failure of ice dams that impounded glacial lakes
released large volumes of meltwaters, which flowed across the Palouse Slope
and into the central Columbia Plateau. Fluvial erosion associated with the
flooding created a spectacular landscape of anastomosing channels, immense
cataracts, and deep plunge pools of the Channeled Scabland (Bretz 1923).

The flooding also created immense gravel bars in areas marginal to the chan-
nels, and deposited thick sequences of glaciofluvial deposits in the basins
and major valleys of the Columbia Plateau (see fig. 14) with the exception
of the Kittitas valley.

At least four major catastrophic flooding events have been recorded on
the Columbia Plateau: two pre-Wisconsinan events and two Wisconsinan events.
Three of the events may include one or more floods. The flooding events
have been analy .ed using paleomagnetic measurements from fine-grained flood
material or capping loess horizons, uranium/thorium radiometric age data
from superimposed calcic horizons, and tephra data.

The oldest known catastrophic flooding event occurred prior to
730,000 years ago, based on the reversed magnetic polarity associated with
flcod deposits at two localities. The first locality is the Marengo site
(Patton and Baker 1978) located in the Cheney-Palouse scabland tract. At
Marengo, the flood gravels are overlain by a loess that has a measured
reversed magnetic polarity (Van Alstine 1982). The flood gravels are
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believed to predate the last reversal in magnetic polarity (Matayama Epoch),
which ended +730,000 yr B.P. (Mankinen and Dalrymple 1979). The second
locality is along the Yakima Bluffs in the lower reaches of the Yakima River
9.5 km upstream from the confluence with the Columbia River (see fig, 1).
Exposed in the Yakima Bluffs is a rhythmic series of turbidite-like deposits
resembling late-Wisconsin Touchet Beds (Flint 1938b) that are underlain by a
fluvial sequence of earlier Pleistocene age. Both the "Touchet Beds" and
the upper fine-grained unit of the fluvial sequence have reversed magnetic
polarity, indicating an age of »>730,000 yr. The Marengo and Yakima Bluffs
are the only two early flood sites that have an established magnetostrati-
graphy. Other old flood deposits at Revere, McCall, and 01d Maid Coulee in
the Cheney-Palouse scabland tract are tentatively included in the early
flooding event, based on the correlations of Patton and Baker (1978). The
old flood deposits at George and Winchester Wasteway in the western Quincy
Basin are also included in this early flooding event, based primarily on the
weathered clasts and the superimposed petrocalcic paleosol that cags the
flood gravels at both localities. The distribution of old flood gravels
suggests that the early flooding event initiated the formation of the
Channeled Scabland, but apparently had little effect on the course of major
streams during glacial periods.

The second major flooding event includes a series of gravel deposits
that are commonly capped by a superimposed calcic paleosol. Two samples of
calc1c Baleosol have been rad1omet.ica11y (uranium/thorium) datec at

200 * 700 thousand and 220 Z70 thousand years old (Tallman et al. 1978).

Fine-grained silty sand lenses interbedded in the gravel characteristically
have a normal magnetic polarity that corresponds to an age of <72C,000 yr.
The age of the second flooding event is interpreted to be betweer ..200,000
and 730,000 yr before present. The best exposures of deposits frcm the
second major flooding event occur in the southern Pasco Basin where the
gravels form a terrace that unconformably overlies the Ringold fcrmation.
Gravels of this flooding event are also exposed in the northern ard eastern
portions of the Pasco Basin (see fig. 14).

It is in the Pasco Basin, during the first or second major ficoding
event, that Pleistocene flooding has had the most pronounced effect nn major
stream courses on the Columbia Plateau. The Yakima River apparertly aban-
doned its course through Badger Coulee in the southern Pasco Basir to its
present course after the Coulee was plugged with a 30-m-thick seciance of
flood gravels. A flood origin for these gravels differs from the
interpretation of Bunker (1980) who believed the gravels to represant the
combined course of the {,lumbia and Yakima Rivers through Badger Czulee.
The gravels are interpreted to be flood deposits, based on the presence of
large-scale foreset beds and abundance of many subangular clasts cf basalt
mixed with a variety of exotic lithologies found in recently excavated
gravel pits. Also during one of these flooding events, the Colurbia River
channel that had been established between Gable Mountain and Gable Butte,
east of Umtanum Ridge appears to have been diverted around the east end of
Gable Mountain to near its present-day course. The pre-flood river channel
is plugged by a large flood bar formed south of Gable Mountain ard Gable
Butte.
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A breach along the northern shoreline of Lake Bonneville at Red Rock
Pass near Preston, Idaho, resulted in torreniial waters flooding down the
Snake River and onto the Columbia Plateau (Malde 1968; Swanson 1984). This
was the third major flooding event on the Columbia Plateau. The flood,
which occurred 14,000 to 15,000 yr ago (Scott 1983), must have resulted in
the flooding of river courses to the Pacific Ocean. However, sedimentary
deposits formed during the lLake Bonneville flood are only known to occur
along the southeastern margin of the Columbia Plateau. In the Lewiston
Basin, flood debris formed various bars marginal to the present-day Snake
River. The Lake Bonneville flood apparently had little, if any, impact on
stream courses in the Lewiston Basin or elsewhere on the Columbia Plateau.

The last major flooding event is the classic late-Wisconsin flcod or
Lake Missoula flood of Bretz (1923) that innundated much of the Columbia
Plateau of Washington State (see fig. 14). The flooding resulted in the
latest scouring of the Channeled Scabland and widespread deposition of gla-
ciofluvial sediments on the Columbia Plateau (see Bretz 1923; Bretz et al.
1956; Baker 1973; Baker and Nummedal 1978; Waitt 1980). The age of the last
major flooding event is 12,000 yr, based on the occurrence of Mount
St. Helens Set "S" ash found within the upper part of the late Wisconsin
flood sediments (Mullineaux et al. 1978).

The three progiacial catastrophic flood events referred to here may
represent one great flood in each event as Bretz (1923) proposed for the
late-Wisconsin flooding or multiple floods as demonstrated by Waitt (1980)
for late-Wisconsin flooding. However, flood events and associated glacia-
tion resulted in only temporary or minor changes to major streams on the
Columbia Plateau. Catastrophic flooding (except from Lake Bonneville)
created the Channeled Scabland and destroyed the pre-Pleistocene secondary
drainage network on the Palouse Slope. The Pleistocene events resulted in
the latest major sculpturing of the plateau landscape, and essentidlly the
final positioning of major stream courses, with only minor local shifts
occurring during the Holocene.

SUMMARY

The evolution of the Columbia River drainage system on the Coiumbia
Plateau of “ashington in the last 17 m.y. reflects the geologic history of
the platedu. We have updated an interpretation of the evolution zf the
Columhia River system and defined the geomorphic and structural features
that have controlled the position of ancestral streams. The sequance of
geologic events and the resulting drainage system for various time intervals
in the last 17 m.y. are summarized below.
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EARLY TO MIDDLE MIOCENE

Grande Ronde Basalt was repeatedly erupted from fissures in the eastern
Columbia Plateau during the most frequent and voluminous episode of Columbia
River basalt volcanism. The flood basalts flowing westward down the Palouse
Slope inundated the intermontane basin between the Rocky Mountains and the
ancestral Cascade Range. Evidence of major streams was located mainly near
the margins of the plateau where major streams flowed between the construc-
tional topography built by the accumulation of basalt flows and the sur-
rounding highlands of pre-Columbia River basalt age. Major streams were
flowing westward around the margins of the plateau before joining to flow
through the ancestral Cascade Range through an area south of the present-day
Columbia River Gorge. Because of repeated basaltic volcanism, integrated
drainage did not have a chance to develop in the central plateau before suc-
ceeding flows covered the area. DOrainage in the central plateau was poorly
integrated with only minor evidence of small local streams and shallow
freshwater lakes, marshes, and bogs.

MIDOLE MIOCENE

The beginning of the middle Miocene is marked by a short time interval
of volcanic quiescence over much c¢f the Columbia Plateau, represented by the
Vantage interbed. During this interval, continued uplift of Naneum Ridge
diverted the ancestral Columbia River to the east near the north-central
part of the vast basaltic plain. The diversion of the Columbia River lead
to the development of an ancestral Yakima River in the northwest plateau.
Renewed Columbia River basalt volcanism resulted in the eruption of Wanapum
Basalt that again inundated the Columbia Plateau. Stream drainage during
this volcanic episode was similar to that of early Miocene time with major
streams confined to the perimeter of the plateau and local streams, lakes,
marshes, and bogs in the central plateau area.

MIDOLE TO LATE MIOCENE

Columbia River basalt volcanism continued to wane during the middle to
late Miocene with only periodic eruptions of Saddle Mountains Basalt. Sub-
siden of the central plateau and continuing deformation of portions of the
plateau formed topographic features that were not being continuously inun-
dated by basalt flows a- during the Grande Ronde and Wanapum volcanic epi-
sodes. Saddle Mountains Basalt was erupted frcm fissures in the eastern
plateau, primarily in the Clearwater Embayment, and flowed down ancestral
Clearwater-Salmon River canyons. The intracanyon flows define the drainage
channels of ancestral streams. The intracanyon flows, in conjunction with
gravel trains within the Ellensburg Formation, are used to reconstruct the
paleodrainage system in the southern part of the Columbia Plateau of
Washington. The ancestral Columbia, Clearwater-Salmon, and Yakima Rivers
were controlled by structural relief developing on the plateau and around
the constructional tcpography built by emplacement of flows that spread
laterally in the central Columbia Plateau. The ancestral Columbia River
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flowing south down the Columbia Slope and the ancestral Clearwater-Salmon
flowing westward down the Palouse Stope joined in the central plateau to
flow southwestward to the present-day Columbia River Gorge area. The ances-
tral Yakima River joined the combined Columbia and Clearwater-Salmon in the
developing Yakima Valley. Late in the Saddle Mountains volcanic episode,
the ancestral Clearwater-Salmon River was diverted into the southern Pasco
Basin and through the Horse Heaven Hills at Wallula Gap.

LATE MIOCENE TO MIDDLE PLIOCENE

Columbia River basalt volcanism had essentially ceased, but continued
tectonic deformation of portions of the basaltic plain resulted in the
development of prominent structural ridges and lows. The major streams
flowed within the structural basins and synciinal valleys and in water gaps
through structural ridges. Near the beginning of this interval, the ances-
tral Columbia and Yakima Rivers were captured by the ancestral Clearwater-
Salmon River channel to establish the entire Columbia River system through
the Horse Heaven Hills at Wallula Gap. The capture may have been the result
of plugging of the combined ancestral Columbia and Yakima river channel by
the eruption of Simcoe Volcanics in the Goldendale area, and/or continued
subsidence of the Pasco Basin and aggradation of a sufficient thickness of
sediments to overcome the constructional topography built by emplacement of
the Ice Harbor Member. Following the river capture, the ancestral rivers
agqraded sediments in the basins of the Columbia Plateau until the middie
Pliocene.

MIDOLE TO LATE PLIOCENE

About middle Pliocene time, aggradation of sediments in the structural
lows of the central Columbia Plateau ended rather abruptly and the rivers
started a period of downcutting. The history of aggradation and erosion of
sediments has been previousiy explained by deformation along the Horse
Hedaven Hills. However, the slow rate of deformation of the Horse Heaven
Hills apparently allowed the Columbia River system to maintain a channel
through Wailula Gap during uplift of the ridge. Since deformation along the
Horse Hewven ifills appears to explain only a part of a major regional
baselevei Change observed ‘hroughout the plareau, another hypothesis is
oroposed. 4 proposed by Tolan and Beeson { 14), the ancestral channel of
the Columiia River in the Cascade Range ~as inundated by high alumina
nasaits a.a volcanic debris rrom the Cascade Range that resulted in a higner
pase level and regional aggradation of sediments in the Columbia Plateau.
This le¢ to the Columbia River establishing a new channel in its present-da,
position 2 m.y ago. The incision in the Columbia River Gorge, resulted in
d lower base level and incision into sedimentary deposits in the Columbia
Flateau. Also, -2 million years ago, the Snake River that flowed south of
the Columbia Plateau was captured to become part of the Columbia River
system. The capture essentially linked the final segment into the Columbia
Piver system,

a4









RHO-BW-SA-318 P

Bretz, J. H., H. T. U, Smith, and G. E. Neff, 1956, "Channeled Scablands of
Washington: New Data and Interpretations," Geological Society of
Ame-i~2 Bulletin, vol. 67, no. 8, pp. 957-1049.

Brown, R. E., 1966, The Relationships Between the Ellensburg and Ringold
Formations in the Pasco Basin, BNWL-SA-621, Pacific Northwest Labora-
tory, Richland, Washington, 12 pp.

Brown, R. E., 1979, A Review of Water-Well Data From the Unconfined Aquifer
in the E£astern and Southern Parts of the Pasco Basin, RHO-BWI-C-56,
Rockwell Hanford Operations, Richland, Washington, 63 pp.

Brown, R. E. and D. J. Brown, 1961, The Ringold Formation and its
Relationships to Other Formations. HW-SA-2319, General Electric
Company, Richland, Washington, 17 pp.

Bunker, R. C., 1980, Catastrophic Flooding in the Badger Coulee Area, South-
fantral, Washington, Master's thesis, University of Texas, Austin,
..xas, 183 pp.

Caggiano, J. A. and D. W. Duncan, eds., 1983, Preliminary Interpretation of
the Tectonic Stability of the Reference Repository Location, Cold Creek
Syncline, Hanford Site, PHO-BWI-ST-19, Rockwell Hanford Operations,
Richland, Washington.

Calkins, F. C., 1905, Geology and Water Resources of a Portion of Etast-
Central Washington, U.S. Geological Survey Water Supply Paper 118,
Washington, D0.C., 96 pp.

Camp, V. E., 1976, Petrochemical Stratigraphy and Structure of the Columbia
River Basalt, Lewiston Area, I[daho-Washington, Ph.D. diss., Washington
State University, Pullman, Washington, 201 pp.

Camp, V. E., 1981, "Geologic Studies of the Columbia Plateau: Part II.
Upper Miocene Basalts Distribution, Reflecting Source Locations,
Tectonism, and Drainage History in the Clearwater Embayment, Idaho,"
Geological Society of America Bulletin, Part I, vol. 92, no. 9,
pp. 669-678.

Camp, V. E. and P. R. Hooper, 1981, "Geologic Studies of the Columbia
Plateau: Part '. Late Cenozoic Evolution of the Southeast Part of the
Columbia River Basait Province," Geological Society ~< * :

Bulletin, Part I, vol. 92, no. 9, pp. 659-668.

Campbell, N. P., 1979, "Geologic Map of the Toppenish Ridge" (Plate 10);
"Geologic Map of the North Flank of Saddle Mountains and Smyrna Bench"
(Plate 11), in J. G. Rigby, K. L. Othberg, N. P. Campbell, L. Hanson,
E. Kiver, D. Stradling, G. Webster, 1979, Reconnaissance Surficial
Gerl~ni~ Mapping of the Late Cenozic Sediments of the Columbia Basin,
Wasninyeun, Washington Division of Geology and Earth Resources, Open
File Report 79-3, Olympia, Washington, 94 pp.




RHO-BW-SA-318 P

Campbel}, N, P., 1983, "Correlation of Late Cenozoic Gravel Deposits Along
the Yakima River Drainage from Ellensburg to Richland, Washington,”
Northwest Science, vol. 57, no. 3, pp. 179-193.

Chappell, W. M., 1936, "The Effect of Miocene Lavas on the Course of the
Columbia River in Central Washington," Journal of Geology, vol. 44,
pp. 379-386.

Conners, J. A., 1976, Quaternary History c< “orthern Idaho and Adjacent
Areas, Ph.D, diss., University of Idano, Moscow, Idaho, 504 pp.

Diery, H. D., 1967, Stratigraphy and Structure of Yakima Canyon Between Roza
Gap and Kittitas Valley, Central Washington, Ph.D. diss., University of
Washington, Seattle, Washington, 117 pp.

Diery, H. D. and B. McKee, 1969, "Stratigraphy of the Yakima Basalt in the
Type Area," Northwest Science, vol. 43, no. 2, pp. 47-64.

Fecht, K. R. and J. T. Lillie, 1982, A Catalog of Borehole Lithology Logs
from the 600 Area, Hanford Site, RHO-LD-158, Rockwell Hanford Opera-
tions, Richland, Washington, 234 pp.

Fecht, K. R., S. P. Reidel, and A. M. Tallman, 1982, “"Evolution of the
Columbia River System in the Central Columbia Plateau of Washington
from Miocene to the Present,"” (Abstract), Geological Society of America
Abstracts with Programs, vol. 14, no. 4, p. 163.

Flint, R. F., 1935, "Glacial Features of the Southern Okanogan Region,”
Geological Society of America Bulletin, vol. 46, no. 2, pp. 169-194.

Flint, R. F., 1938a, "Origin of the Cheney-Palouse Scabland Tract,
Washington" fenlogira] Society of America Bulletin, vol. 49, no. 3,
pp. 461-524.

Flint, R. F., 1938b, “Summary of Late Cenozoic Geology of Southeastern
Washington," American Journal of Science, vol. 35, no. 207,

pp. 223-230.
Fryxell, R. and E. F. Cook, 1964, A Field Gu i~ M~nosits and
Channeled Scatb'~~ds of the Palouse Area ihywun, Washington

Stdte UniVE -S‘l Ly Laboratory Of Anthr‘opO-u31 nNopvl v vl
Investigations 27, Pullman, Washington, 32 pp.

Fuller, R. E., 1931, "The Agueous Chilling of Basaltic Lava on the Columbia
Plateau," American Journal of Science, vol. 21, no. 5, pp. 281-300.

Gardner, J. N., M, G. Snow, and K. R. Fecht, 1981, Geology of the “'~'ula
Gap Area, Washington, RHO-BWI-LD-9, Rockwell Hanford Operatiunas,
Richland, Washington, 67 pp.

Griggs, A. B., 1976, The Columbia River Basalt Group in the Spokane
Quadrangle, Washington, Idaho, and Montana, U.S. Geological Survey
Bulletin 1413, Washington, D.C, 39 pp.

48






RHO-BW-SA-318 P

Mackin J. H., 1961, A Stratigraphic Section in the Yakima Basalt and
Ellensbi.rg Formation in South-Central Washington, Washington State
Department of Natural Resources, Division of Mines and Geology Report
of Investigations 19, Olympia, Washington, 45 pp.

Malde, H. E., 1968, The Catastrophic Late Pleistocene Bonneville Flood in
the Snake River Plain, [daho, U.S. Geological Survey Professional
Paper 596, Washington, D.C., 52 pp.

Mankinen, E. A. and G. B. Dalrymple, 1979, "Revised Geomagnetic Polarity
Time Scale for the Interval 0-5 m.y.B.P.," Journal of Geophysical
Research, vol. B4, no. 2, pp. 615-626.

Mason, G. W., 1953, Interbasalt Sediments of South-Central Washington,
Master's thesis, Washington State College, Puliman, Washington, 116 pp.

McKee, E. H., D. A. Swanson, and T. L. Wright, 1977, “Duration and Volume of
Columbia River Basalt Volcanism, Washington, Oregon, and Idaho"
(Abstract), Geological Society of America Abstracts with Programs,
vol. 9, no. 4, pp. 463-464.

Merriam, J. C. and J. P. Buwalda, 1917, "Age of Strata Referred to the
Ellensburg Formation in the White Bluffs of the Columbia River,"”
University of Califo.nia Publications in Geological Sciences, vol. 10,
no. 15, pp. 255-266.

Mullineaux, 0. R., R. E. Wilcox, W. R. Ebaugh, R. Fryxell, and M. Rubin,
1978, "Age of the Last Major Scabland Flood of Columbia Plateau in
Eastern Washington," Quaternary Research, vol. 10, no. 2, pp. 171-180.

Myers,C. W./S. M. Price, and J. A. Caggiano, M. P. Cochran, W. J. Czimer,
N. J. Davidson, R. C. Edwards, K. R. Fecht, G. E. Holmes, M. G. Jones,
J. R. Kunk, R. D. Landon, R. K. Ledgerwood, J. T. Lillie, P. E. Long,
T. H. Mitchell, E. H. Price, S. P. Reidel, and A. M, Tallman, 1979,
Geologic Studies of the Columbia Plateau, A Status Report,
RHO-BWI-ST-4, Rockwell Hanford Operations, Richland, Washington,
541 pp.

Newcomb, R. C., 1958, "Ringold Formation of Pleistocene Age in the Type
Locality, the White Bluffs, Washington, American Journal ~¢ Science,
vol. 256, no. 5, pp. 328-340.

Newcomb, R. C., 1965, Geology and Ground-Water Resources of the Walla Walla
River Basin, Washington-Oreqon, Washington State Department of Natural
Resources, Division of Water Resources Water-Supply Bulletin 21,
Olympia, Washington, 151 pp.

Newcomb, R, C., J. R. Strand, and F. J. Frank, 1972, Geology and Ground-
Water Characteristice ~f the Hanford Reservation of the U.S. Atomic
Energy Commission, hwaanington, U.S. Geological Survey Professional
Paper 717, Washington, 0.C., 78 pp.

50







RHO-BW-SA-318 P

Russell, I. C., 1893, A Geologic Reconnaissance in Central Washington,
U.S. Geological Survey Bulletin 108, Washington, D.C., 108 pp.

Russell, I. C., 1901, Geology and Water Resources of Nez Perce County,
Idaho, U.S. Geological Survey Water-Supply Paper 53 and %54,
Washington, 0.C., 141 pp.

Salisbury, R. D., 1901, "Glacial Work in the Western Mountains in 1901,"
Journal of Geology, vol. 9, pp. 718-730.

Schmincke, H. U., 1964, Petrology, Paleocurrents, and Stratiqraphy of the
E1lensburg Formation and Interbedded Yakima Basalt Flows, South-Central
Washington, Ph.D. diss., The Johns Hopkins University, Baltimore,
Maryland, 426 pp.

Schmincke, H. U., 1967a, "flow Directions in Columbia River Basalt Flows and
Paleocurrenrts of Interbedded Sedimentary Rocks, South-Central
Washington," Ge-'-gische Rund-~“1w, vol. 56, no. 3, pp. 992-1019.

Schmincke, H. U., 1967b, "Stratigraphy and Petrology of four Upper Ya<ima
Basalt Flows in South-Central Washington," Geological Society of
America Bulletin, vol. 78, no. 11, pp. 1385-1422.

Scott, W. E., 1983, "The Last Two Cycles of Lake Bonneville," (Abstract),
Geological Society of America Abstracts with Programs, vc'l. 15, no. 5§,
p. 300.

Shannon and Wilson, 1972, Geologic and Subsurface Investigation--Prgposed
Mid-Columbia Thermal Power Plant Sites, Morrow, Gillian, and Umatilla
Counties, Oregon, for Portland General Electric Company, Porttland,
Oregon.

Shannon and Wilson, 1975, Geotechnical Investigations for Central Piant
Facilities, Pebble Springs Site, Boardman Muclear Project, Gilliam
County, Oreqon, for Portland General Electric Company, Portland,
Oregon.

Smith, G. 0., 1901, Ceology and Water Resources of a Portion ¢cf vaki-a
re Vao oo ‘

" son, U.S. Geological Survey, Water Supply ard Irr-‘gation
raper oo, wa>nington, D.C., 68 PpP.

Smitin, G. 0., 1903, Cescription of the Eliensburg Quadran~‘~ ~shingian,
U.S. Geological Survey, Geological Atlas of the Uniteu siates,
Folio 86, Washington, D.C., 7 pp.

Swanson, D. A,, 1967, "The Yakima Basalt of the Tieton River irea, Scuth-
Central Washington,” Geological Society of America Bulletin, voi. 78,
no. 9, pp. 1077-1109.

52






RHO-BW-SA-318 P

Tallman, A. M., K. R, Fecht, M, C. Marratt, and G. V. Last, 1979, Geoiogy of
the Separations Areas, Hanford Site, South-Central Washington,
RHO-ST-23, Rockwell Hanford Operations, Richland, Washington, 134 pp.

Tallman, A. M., J. T. Lillie, and K. R. Fecht, 1981, "Suprahisalt Sediments
of the Cold Creek Syncline Area,” in Subsurface Geology of the Cold
Creek Syncline, edited by C. W. Myers and S. M. Price, RHO-BWI-ST-14,
Rockwell Hanford Operations, Richland, Washington, pp. 2-1 to 2-28.

Tallman, A, M., K. R, Fecht, J. T. Lillie, N. P, Campbell, L., G. Hanson,
E. P. Kiver, D. F. Stradling, and G. D. Webster, 1982, "Post Columbia
River Basalt Stratigraphy of the Columbia Plateau," (Absiract),
Geological Society of America Abstracts with Programs, vol. 14, no. 4,
p. 239.

Tolan, T. L., 1982, The Stratiqraphic Relationships of the Columbia River
Basalt Group in the Lower Columbia River Gorge of Oregon and
Washington, Master's thesis, Portland State University, Portland,
Oregon, 151 pp.

Tolan, T. L. and M. H. Beeson, 1984, "Intracanyon Flows of the Columbia
River Basalt Group in the Lower Colu~bia River Gorge and Their
Retationship to “he Troutdale Formation," Geological Society of America
Bulletin, vol 95, no. 4, pp. 463-477.

Trimble, D. E., 1963, Geology of %ortland, Cregon, and Adjacent Areas,
U.S. Geological Survey Bulletin 1119, Washington, D.C., 1'9 pp.

Van Alstine, D. R., 1982, Paleomagnetic Investigation of Pre-Missoula
Gravels, Pasco Basin and Vicinity, Washington, SG[-R-82-055, Sierra
Geophysics, Redmond, Washington, 38 pp.

waggoner, G. L., 1981, Sedimentary Analysis of Gravel Depasits in the
Vicinity of Clarkston, Washington, Master's thesis, dashington State
University, Puliman, Washington, 107 pp.

Waitt, R. B., 1979, Late Cenozoic Oeposits, Landforms, Stratiqgraghy and
Tectonism in Kittitas Valley, Washington, U.S. Geological Survey
Professional Paper 1127, Washingten, C.C., 18 pp.

Waitt, R. P , 1980, "About Forty Last-Glacial Lake Missoula Jokulinlaups
Througn Southern tashington,” Journal of Geology, vol. 88, ro. 6,
pp. 653-679.

Waring, G. A., 1913, Geolegy and Water Resources of a Portion of South-
Central Washington, U.S. Geological Survey HWater-Supply Paper 316,
Washington, D.C., 46 pp.

vWarren, C. R., 1941, "Course of the Columbia River in South-Central
Washington,” American Journal of Science, vol. 239, no. 3, pp. 209-232.

54



























