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FRONTISPIECE
"Dry Falls When Wet"

This late Pleistocene scene of Grand Coulee, a few miles north of the study area, shows the
course of the Columbia River down the coulee and over the present Dry Falls. The previously estab-
lished (and present) course of the river around the northern margin of the Columbia Plateau lava flows
was blocked temporarily—and several times—by the Okanogan Lobe of the Cordilleran lce Sheet that
entered Washington from Canada during the ice age. The illustration shows the ice sheet in the back-
ground and the large melt-water discharge of the Columbia River, which cut Grand Coulee and formed
the Dry Falls escarpment by the headward (northward) plucking away of the layers of columnar~jointed
basalt. From here the water discharged across the study area, and returned to the established course of
the Columbia River by way of the Quincy Basin, Lower Crab Creek valley, and Pasco Basin.

From an oil painting by Dee Molenaar,

ecourtesy of the Washington State
Parks and Recreation Commission.
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PREFACE

This report was approved by the Director of the U.S. Geological Survey in
1966. The original report included a geologic map and cross sections of the area
which subsequently were published, separately from the text, in 1971 as U.S.
Geological Survey Investigations Map 1-589. The text and illustrations, which were
intended to supplement Map 1-589, remained unpublished for more than a decade
primarily because of shortage of publication funds. However, in 1977 the u.s.
Department of Energy provided funds for publication of the report by the State
of Washington Department of Natural Resources, Division of Geology and Earth
Resources.

The report is printed basically as approved in 1966, except for the absence
of the geologic map and cross sections (Map 1-589). There are minor footnoted revi-
sions in the text and revisions of the stratigraphic diagram (fig. 9) in response fo
suggestions offered by the Geological Survey's Geologic Names Committee (Rudy
Kopf, oral and written communications, 1977). Also, the bibliography has been
expanded to include—besides references cited in the original report—a list of
selected reports, (mostly since 1966) that have added to the geologic knowledge of
the Columbia Plateau and which include updated interpretations of the rock units and

their stratigraphic relationships.

Xl






GEOLOGY OF PARTS OF GRANT, ADAMS, AND FRANKLIN
COUNTIES, EAST-CENTRAL WASHINGTON
by
M. J. Grolier and J. W, Bingham ¥/

ABSTRACT

The study area, which is coextensive with the Columbia Basin lrrigation Project area, covers 3,635 square miles within
the northern part of the Columbia Plateau, in the arid fo semiarid part of east-central Washington. The area generally has low
relief except where the regional southwestward slope is interrupted by canyons and anticlinal ridges. Two main ridges, Frenchman
Hills and Saddle Mountains, separate the project area into three principal basins: the Quincy, Othello, and Pasco Basins.

The geologic events that produced the present landforms of the project area began during late Cenozoic time. Large vol-
umes of highly fluid basaltic magma were extruded and spread in successive layers over large areas. The lava accumulated to an
overall thickness that exceeded 5,000 feet, and possibly 10,000 feet, in the central part of the Columbia Plateau. During inter-
vals between lava extrusions, fluvial and lacustrine sediments were deposited in depressions on the basalt surface and across areas
along margins of the flows.

The entire sequence of lava flows and associated sedimentary interbeds has been termed the Columbia River Basalt Group.
The top several thousand feet of the group in this area has been called the Yakima Basalt of late Miocene and early Pliocene age
(see footnote to figure 9). Within that formation, the top 1,200 feet includes five separate and largely conformable members,
defined (from oldest to youngest) as follows: the Vantage Sandstone Member; the Frenchman Springs Member, which locally in-
cludes the Squaw Creek Diatomite Bed; the Roza Member; the Priest Rapids Member, which locally includes the Quincy Diatomite
Bed; and the Saddle Mountains Member, which interfingers with the Beverly Member of the Ellensburg Formation. The basalt mem=
bers, each of which consists of one to four lithologically similar flows, are correlated in the field by their frequency and size of
phenocrysts, color, jointing habits, texture, vesicularity, and stratigraphic position. The sedimentary materials that are inter=
bedded with the basalt flows were deposited in lakes and streams. Each deposit was spread widely over the surface of the preceding
basalt flow.

Most folding in the project area occurred after extrusion of the Yakima Basalt and created several shallow basins in which
sedimentary materials were deposited, in some places to maximum thicknesses of about 1,000 feet. These deposits, in part named
the Ringold Formation, consist of interbedded lacustrine clay, silt, and sand; fluviatile sand and gravel; eolian sand and silt, and
alluvial-fan deposits, with varying amounts of pyroclastic debris.

The topography of the project area was greatly affected by melt-water runoff and catastrophic flooding associated with
the continental glaciations that extended into northern Washington several times during late Pleistocene time. Many gorges were
cut where floodwaters were diverted across the area, subfluyial gravels were deposited as bars in channel-ways, and deltaic and
lacustrine deposits accumulated in temporary lakes that occupied the Quincy, Othello, and Pasco structural basins.

After recession of the continental glaciers from the area, a dry, windy climate prevailed and promoted widespread depo=

sition of loess and sand. The material was derived primarily from fine-grained parts of the glaciofluvial deposits.

14 Authors are with U.S. Geological Survey.



2 Geology of East-Central Washington

INTRODUCTION

LOCATION

The area described in this report covers 3,635
square miles in parts of Grant, Adams, and Franklin

Counties, in east-central Washington (fig. 1). It lies
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FIGURE 1.—Location of the project area.

within that part of the Columbia Plateau known as the
"Big Bend Country, " and has boundaries coextensive

with that of the U.S. Bureau of Reclamation's Colum-
bia Basin Irrigation Project as of 1960. Cultural fea-

tures within the study area are shown in figure 2.

BACKGROUND OF THE STUDY

Geologic and hydrologic studies associated
with the Columbia Basin Irrigation Project have span-
ned more than three decades. Studies by the U.S.
Geological Survey have been conducted in cooperation
with the Bureau of Reclamation and with the water=
management agencies of the State of Washington. The
various cooperative geohydrologic studies have been
largely interrelated and have evolved in two stages:
(1) a program of collection of hydrologic and geologic
data for evaluating potential ground-water problems
resulting from irrigation development using surface
water imported from the Columbia River behind Grand
Coulee Dam (A. M. Piper, written communication,
1939; Warne and Barrows, 1941, p. 23); and (2) an
investigation of the geology of the basin relative to
the mode of occurrence and movement of ground water
within the various stratigraphic units and as controlled
by geologic structures, and as later affected by project
irrigation.

The short-term objective of the cooperative
activities in the first stage was the gathering of basic
ground-water data for an evaluation of ground-water
supplies for domestic use on farmsteads and of water-
logging and drainage problems that might ensue from
irrigation. The first stage of the study began in 1939
and included collection of basic hydrologic data both
before and during the onset of irrigation. Data col-
lection was accomplished cooperatively by the Geo-

logical Survey, the Bureau of Reclamation, and the
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4 Geology of East-Central Washington

Washington Division of Water Resources (functions
now included in the Department of Ecology). Four
data reports resulted and were open filed by the
U.S. Geological Survey (Taylor, 1941, 1944, 1948;
Mundorff and others, 1952). A compilation of the
data through December 1958 was published by the
Washington State Division of Water Resources (Walters
and Grolier, 1960). An open-file report was sub-
sequently released by the U.S. Geological Survey
(Bingham, 1965).

The second stage of the study was begun in
August 1959 by the Geological Survey in cooperation
with the State Division of Water Resources and con-
tinued in cooperation with the Department of Ecology.
Specific objectives were twofold: (1) to delineate
the geologic structures and pertinent stratigraphy of
the project area in relation to the source, mode of
occurrence, and movement of ground water; and (2)
to evaluate effects on the ground-water regimen
caused by the importation of large volumes of surface
water for irrigation in the project area. Results of
the first objective were published by the Geological
Survey as a set of geologic maps and sections (Grolier
and Bingham, 1971), and results of the second objec-
tive were published by the State of Washington De-
partment of Ecology (Tanaka, Hansen, and Skrivan,
1974).

This present report is published by the State
of Washington Division of Geology and Earth Resources
in response to requests for a detailed discussion of the
geology that is depicted graphically by the geologic
maps and sections of Grolier and Bingham (1971). In
the geologic investigation, field mapping was concen-
trated on the stratigraphy of the basalt sequence and
the glaciofluvial gravel. The basalt is the one area-
wide source of ground water, and the glaciofluvial
gravel, where saturated, is the aquifer of the greater
yield. With the segregation of the basalt stratigraph-
ically, it becomes possible not only to correlate water-

bearing zones over wider areas and to better under-

stand the regional hydrologic conditions, but also to
help resolve many long-held questions on the geologic
history and structure of the project area and other

parts of the vast Columbia Plateau.
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GEOGRAPHIC SETTING

Landforms

The Columbia Basin Irrigation Project area
lies in the northern part of the Columbia Plateau pro-
vince (Fenneman, 1931, p. 225). In the project area,
the province is generally diversified by several broad
basins and flats separated by anticlinal ridges and
transected by stream channels and flat-bottomed cou-
lees. Altitudes range from about 350 feet to about
2,700 feet. Figure 3 shows the general land-surface
altitudes in the project area, and figure 4 outlines
and names the principal physiographic features.

The eastern part of the area is a loess-
mantled upland that, in places, has been dissected
into many flat-bottomed coulees which have floors
that merge with the basins and plains to the west; the
deposits in the basins block and fill the lower parts of
the coulees. In the westem and southern parts of the
area, several types of plains are apparent from the
topography and geology shown in the geologic map
of Grolier and Bingham (1971); these include the
gravel plain in the northeastern Quincy Basin, the
remainder of the Quincy Basin with its low relief and
predominantly sandy soils, and the Othello and Pasco
Basins. The three basins all have dissected plains,
remnants of early Pleistocene lake deposits.

The project area and adjacent areas contain
many canyons, coulees, and scabland tracts. These
are features that have been scoured and modified by

glacial melt-water rivers and floods during the Pleis-

Geographic Setting 5

tocene Epoch (Bretz, 1930). Many of the major cou-
lees entering the basins from the east trend in a west-
erly direction whereas their tributaries trend south-
westerly and are concentrated along the north side of
the east-west coulees.

All perennial and intermittent streams in the
project area, including the Columbia and Snake Riv-
ers, flow in flat-bottomed coulees or scabland chan-
nels whose great sizes indicate occupancy by consid-
erably larger ancestral streams. The most spectacular
of these coulees is the Grand Coulee, a 50-mile-long
channel divided into two (upper and lower) cliff-walled
segments that were formed by cataract recession. A
part of the Lower Grand Coulee is included in the
project area (see frontispiece). Two of the other
many remarkable coulees and catarocts within the
project area are Potholes Coulee (fig. 5) and French-
man Springs Coulee (fig. 6). These served as spill-
ways from the Quincy Basin during glacial flooding.

In addition to the anticlinal ridges, basins,
and coulees, several other features characterize the
area. Landslides are prominent along the White Bluffs
and the north side of the Saddle Mountains. Both
active and stabilized sand dunes also are prominent
features of the basin. Large areas contain stabilized
sand dunes that were formed by reworking of the fine-

grained components of the glacial melt-water deposits.

Drainage

The present drainage of the project area is
controlled by Pleistocene or older drainageways.
These relict valleys have been only slightly modified
during Holocene time by the underfit and intermittent
streams that occupy them today. The project area has
very little surface runoff except under certain condi-
tions, such as when heavy rainfall occurs on frozen
or saturated soil, and when snow melts rapidly above

frozen soil.
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R.27E. R.29E.

Altitude in feet. Contour interval 200 feet;
datum is mean sea level

Lakes and rivers

i

Less than 800 feet

800 10 1200 feet

1200 to 1600 feet

Above 1600 feet

FIGURE 3.~ Generalized land-surface altitudes within the project area.
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FIGURE 5.— Aerial view of Pothol

] S
- e Tt o

es Coulee, looking east into the Quincy Basin. Columbia River in

foreground. Note gravel terraces and bars in alcoves and along river. (Grant County PUD

photo, 1961.)

Crab Creek is the major stream in the area.
Its drainage area extends north and east of the project
area and is very large (4,464 square miles above
O'Sullivan Dam and 4,864 square miles above the
mouth at Beverly). In this report, Crab Creek proper
is defined as that part of the stream above Potholes
Reservoir, while Lower Crab Creek is defined as that
part below the reservoir. The water in Crab Creek
entering the project area overflows into Adrian Sink
during flood stage. The water that spills over the
control dams on Moses Lake then flows between the
sand dunes, which form the lake's natural dam, into
Potholes Reservoir. (Prior to 1952, when O'Sullivan
dam was constructed, the flow of Crab Creek con-
tinued through Drumheller Channels down Lower Crab
Creek to the Columbia River.) Since 1952, the flow

of Lower Crab Creek is nearly all from irrigation run-
off in the area south of the dam.

The southern part of the project area is
drained to Washtucna and Esquatzel Coulees; runoff
from these coulees does not contribute directly to the
Columbia River as does that from Lower Crab Creek.
The Washtuena drainage ends in Sulphur Lake while
the Esquatzel drainage ends in a closed depression
just north of Pasco. The remaining peripheral parts
of the project area are drained directly to the Colum~

bia and Snake Rivers by short intermittent streams.

CLIMATE

The project area is partly arid and partly
semiarid, based on the definition by the American



FIGURE 6.—Aerial view of Frenchman Springs Coulee, looking northeast into Quinc?r Basin. White

Climate 9

patches beyond alcove scarp are quarries in the Quincy Diatomite Bed. Coulee is type area
of Frenchman Springs Member. Roza Member is crinkly columnar basalt capping narrow rib
between alcoves and scarp in upper right. (Grant County PUD photo, 1961.)

Geological Institute (1960, p. 15). Average annual

precipitation ranges from less than 6 inches near Priest

Rapids Dam to more than 10 inches in the far eastem
part of the area. Like that in most of eastern Wash-
ington, the precipitation occurs largely during the
winter.

The monthly distribution of precipitation
reflects the maritime influence in the winter, when
global atmospheric circulation creates a large low-
pressure center in the Gulf of Alaska from where
moisture-laden storms move into the Pacific North-

west. The little rainfall that occurs in spring and

summer is chiefly from local thunderstorms. Precipi-
tation during the winter generally falls as light rain,
or as snow which may accumulate up to about 12
inches on the ground. Chinook winds are common
and cause rapid snowmelt; this in turn results in appre-
ciable surface runoff when the ground is frozen.

The continental environment of the project
area is reflected by large daily and seasonal tempera-
ture fluctuations. In contrast, the marine effect is
reflected by generally mild winters, except when
large polar airmasses occasionally spill cold air over

the Canadian Rockies into central Washington and
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cause extreme low temperatures. Mean annual tem=
peratures recorded in the study area range from 9°C
(48.4°F) at Moses Lake to 12°C (54.5°F) at Wahluke.

The average annual evaporation in the pro-
ject area, as measured from a U.S. Weather Bureau
Class-A pan, ranges from about 50 to 70 inches
(Kohler and others, 1959, pls. 1 and 5).

GEOLOGIC HISTORY

The major events in the geologic history of
the project area were (1) the extrusion of basaltic
lavas in the Miocene and early part of the Pliocene
Epochs, (2) the tectonic deformation during the Plio-
cene and early Pleistocene Epochs, (3) the lacustrine,
fluvial, and eolian deposition, and intermittent defor-
mation during the Pleistocene Epoch, and (4) the
glaciofluyial erosion and deposition during the late

Pleistocene Epoch.

MIOCENE AND PLIOCENE EPOCHS

Starting in early(?) Miocene time and con-
tinuing into the early Pliocene, tremendous volumes
of basaltic lava, named the Columbia River Basalt
Group (CGriggs, 1976), were extruded across the Co-
lumbia Plateau region. The molten lava flowed over
thousands of square miles, and lavas of some flows
are now believed to have traveled over 200 miles
from their source vents. The continuity of individual
flows over many hundreds of square miles indicates
that there were virtually no obstructions to the flowage
in the area.

Along the marginal areas of the expansive
lava field, the flows dammed the peripheral river val-
leys. The sediments carried by rivers in these valleys
were then spread over the edges of the flow, only to

be buried by the succeeding flow. The zones of pil-

lows and palagonite at the base of many flows and
the silicified logs or stumps between pillows or within
the palagonite all show that the lava flows advanced
across lakes, streams, and forests. The lakes in which
sedimentation fook place owed their existence to dis-
ruption of drainage by advancing lava flows, and
possibly to subsidence of the lava field as well.

The many layers of basalt that underlie the
project area are identified as part of the Yakima Basalt
of late Miocene and early Pliocene age (Fiske and
others, 1963, p. 63). Figure 9 shows the age, name,
and thickness of the various Yakima Basalt units. The
thicknesses cited in figure 9 apply only along the
Columbia River between Frenchman Springs Coulee
and Priest Rapids Dam, where they have been measured
by Mackin (1961) and others. The geologic map by
Grolier and Bingham (1971) shows the areal distribu-
tion of the several members within the project area.
The geologic map also shows that the oldest exposed
flows of Yakima Basalt in the area crop out along the
northwestemn and northern margins of the area, where
they are exposed in the walls of the Columbia River
canyon and in the west wall of Lower Grand Coulee.
In contrast, the younger basalt crops out in the south-
ern part of the project area. Great dike swarms
thought to represent the feeders of at least some of
the lava flows occur outside the area (Waters, 1961,
p. 586).

Sedimentary deposits were laid down atop
basalt surfaces, and then covered by subsequent flows.
These interbeds are found principally in the upper
1,200 feet of the Yakima Basalt. The principal de-
posits are the Vantage Sandstone Member, the Squaw
Creek and Quincy Diatomite Beds, and the Beverly
Member of the Ellensburg Formation.

The earliest sedimentary unit mapped is the
Vantage Sandstone Member of late Miocene age. The
Vantage consists chiefly of quartz-feldspar-mica sand,
tuffaceous sand, and clay (Mackin, 1961, p. 12) that
belong to a mineralogic province foreign to that of the



basalt. Thus, the deposits must have had a source
outside the lava field. Mackin (1961, p. 12) suggests
that they might have been derived from older granitic
rocks or from the arkose of the Swauk Formation of
early Tertiary age in the northern part of the Cascade
Range. The occurrence of Vantage Sandstone Member
west of the Columbia River, and its thinning eastward
from the Columbia River, further suggest that the sedi-
ments were deposited across the edge of the basalt
flows and over a broad alluvial plain that extended
from the northwest toward the center and around the
west edge of the lava field. The ancestral Columbia
River was probably much farther east than its present
position, beyond the edges of the southeastward extent
of the Vantage sediments.

Both the Squaw Creek and Quincy Diatomite
Beds are younger than the Vantage Sandstone Member.
The Squaw Creek lies below and the Quincy lies above
the Roza Member. Each contains gravel, sand, or
clay in addition to the predominant diatomite. The
diatoms apparently flourished in shallow lakes dammed
by the lava flows. The deposition apparently occurred
at two different places. The Columbia River probably
did not cross the project area during the deposition of
these diatomites, because no quartzite-bearing gravels
have been found within either deposit.

The Beverly Member of the Ellensburg Forma-
tion was deposited during the interval between the
solidification of the Priest Rapids flow and the arrival
of the lava of the last Saddle Mountains flow. The
conglomerate in the Beverly Member, a principal
facies at Sentinel Gap, consists largely of quartzite-
bearing gravel and sand deposited in the channel of a
large stream. The quartzite and most other pebbles
and cobbles in the conglomerate near Sentinel Gap
are foreign to the basalt province, but are similar to
those in the bed of the present Columbia River. This
suggests that the ancestral Columbia River occupied
a position close fo its present course at Sentinel Gap
before the extrusion of the last Saddle Mountains
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flow. The quartzite=bearing conglomerate in the
Beverly Member is widespread. It extends southward
and westward, outside the project area (Mackin, 1961,
p. 3, fig. 1), and eastward from Sentinel Gap (Grolier
and Bingham, 1971).

Analyses of fossil leaves and pollen in the
sedimentary deposits interfingered with the basalt
flows, together with silicified wood within the flows,
provide an indication of the climate that prevailed
during the late Miocene and early Pliocene time
(Estella Leopold and Anne Davis, U.S. Geological
Survey, written communication; Prakash and Barghoorn,
1961a and 1961b; Smiley, 1963). The climate appears
to have been humid, warm, and temperate, with an
annual precipitation of 40 to 45 inches uniformly dis=
tributed throughout the year.

Subsidence began prior to the extrusion of
the Saddle Mountains basalt, and the surface of the
Priest Rapids Member became subject to erosion and
deposition. This activity is indicated by the thickness
and extent of the Saddle Mountains Member, the
peripheral location of the Saddle Mountains flow
tongues, and the presence of fanglomerate below the
Saddle Mountains flows in some outcrops. In the pro-
ject area the flows of the Saddle Mountains Member
are restricted to the Pasco Basin and the area herein
referred to as the Othello Basin; the flow tongues fill
erosional valleys cut into the underlying Priest Rapids

and Roza flows.

The eastward-trending folds that today are an
important part of the physiographic setting apparently
began to develop during the period before extrusion
of the Saddle Mountains flows. A discordance on the
south flank of the Saddle Mountains anticline indicates
that the rise of the Saddle Mountains, and possibly of
other eastward-trending anticlines in the area as well,
began soon after extrusion of the Priest Rapids basalt
(Mackin, 1961, p. 31).

As the extrusion of Yakima Basalt waned,

the ancestral Columbia River had become fixed around
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the north side of the lava field. Presumably a perma-
nent drainage system began to develop on the lava
field. However, the folding of the basalt in Pliocene
and Pleistocene time prevented most of the small local
streams from maintaining their courses. Even the
Columbia River, which was able to maintain its course
across the rising Frenchman Hills and the Saddle
Mountains, was deflected by the rise of Umtanum
Ridge, outside the project area (Calkins, 1905,

p- 41; Mackin, 1961, p. 38).

Events that occurred in the project area
after extrusion of the Saddle Mountains basalt, but
before early Pleistocene time, are poorly known.
However, geomorphic evidence suggests that much
of the landscape in the project area is related to
erosion in late Pliocene time—the westward-trending
valleys of Crab Creek, Rocky Coulee, and Lind Cou-
lee are probably the sites of former master streams
deeply entrenched in basalt. These streams presum-
ably flowed across the Quincy Basin, though their
former courses cannot be traced because of burial by
fill of Pleistocene age. Lind Coulee contains the
remnants of a once-extensive fill assigned to the
Ringold Formation of Pliocene and Pleistocene age.l/
The principal exposure consists of flat=lying lacus-
trine clay which lies against the south wall of the
coulee just above the coulee floor in secs. 28 and
34, T. 17 N., R. 32 E. The presence of the Ringold
deposits here proves that Lind Coulee had already
been excavated fo its present depth in pre=Pleistocene
time.

Additional examples of the effect that the
shape of the basalt surface had on present-day topog-
raphy are common. Two unnamed southwestward-

trending coulees heading in Kansas Prairie change

i/ This report contains a change in the age
designation of the Ringold Formation as shown on the
eologic map and sections of Grolier and Bingham
?1971 ; it is reassigned to Pliocene and Pleistocene
age (C. A. Repenning, written communication, 1970).

direction abruptly from a southwesterly course, de-
veloped upon sloping basalt, to a westerly course at
the eastern limit of the Ringold clay. The changes

in direction occur on Paradise Flats, about three-
quarters of a mile and 4% miles, respectively, north
of Shano (figs. 2 and 4). A third southwestward-
trending coulee bends eastward abruptly in the SWX
sec. 16, T. 14 N., R. 31 E., and follows a course
almost parallel to the strike of the underlying basalt
and along the lateral boundary between basalt and
Ringold clay toward Providence Coulee. The sinuous
reach of a steep-walled coulee trending southerly at
the east side of the Othello Channels and joining
Esquatzel Coulee in the SEZ sec. 24, T. 13 N.,
R. 30 E., is in alignment with this third coulee.
This sinuous reach probably represents the pre-Ringold
lower course of the coulee, exhumed from its cover of
Ringold clay by glacial melt water in late Pleistocene
time.

Three abandoned channelways breach the
western rim of the Quincy Basin. From north to south,
they are Crater Coulee, Potholes Coulee, and French-
man Springs Coulee (fig. 4). They cannot be traced
toward any particular coulee along the eastern margin
of the basin. Brown tuffaceous sand assigned to the
Ringold Formation lies unconformably over several
members of the Yakima Basalt along the borders of
these channelways. This erosional unconformity be=
tween the Ringold sand and the underlying basalt in-
dicates that erosion of the channelways was active
in pre=Ringold time. Very likely, some of these
channelways in the project area had been excavated
to their present depths when deposition of Ringold
laminated clay started.

On the basis of physiographic evidence east
of the project area, Bretz and others (1956, p. 1000)
thought that the Washtucna and Esquatzel Coulees
represent the former course of the Palouse River. The
occurrence of a remnant of Ringold clay partially

filling Hardesty Coulee, a tributary of Washtucna



Coulee, indicates that at least part of Hardesty Coulee
was eroded before deposition of the clay.

Sand Hollow, at the west end of the Royal
Slope, is a pre=Ringold tributary of the Columbia
River. The fill of Ringold clay there has been par-
tially removed by erosion.

Several wind gaps across the crest of the
Frenchman Hills and the Saddle Mountains are under-
lain by caliche=capped basalt gravel resting on brown
tuffaceous sand assigned to the Ringold Formation.
These wind gaps represent the courses of streams that
were defeated by the rising anticlines before or dur-

ing deposition of the Ringold laminated clay.

LATE PLIOCENE AND EARLY PLEISTOCENE EPOCHS

The main period of orogeny in Washington
(uplift of the Cascade Range), which began in late
Pliocene time, continued into early Pleistocene time.
Eastern Washington became increasingly arid after the
late Pliocene because the rising Cascade Range was
an increasingly effective barrier to the eastward move-
ment of moisture-laden air masses from the Pacific
QOcean. As this rain shadow increased, the streams,
except the ancestral Columbia and Snake Rivers, di-
minished in flow and finally disappeared.

Only the Columbia has maintained a course
across the rising anticlines since the time of the Bev-
erly deposition. This supports the contention that a
change in climate was the principal factor in the dis-
appearance of the streams in the project areq; the
Columbia and Snake Rivers are the only ones whose
watersheds extend outside east-ceniral Washington.

Though the Columbia River always has been
a perennial stream, even it was unable to maintain a
graded channel across the rising anticlines during at
least two periods in the Pleistocene. As a result,

lakes and(or) extensive flood plains formed in the
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intervening and deepening basins. The vast area of
Ringold lacustrine deposits gives evidence of a very
large, shallow lake that was an outstanding feature
of central Washington. Although named Lake Lewis
by Symons (1882, p. 108), in this report the lake will
be labeled Lake Ringold to differentiate it from the
late Pleistocene Lake Lewis Il (herein called Lake
Lewis). Lake Ringold either may have comprised
several separate bodies of water, with each level
controlled by a rising anticline, or it may have been
associated with the uplift of the Cascades, which
would have created a single body of water. The cause
for the impoundment of Lake Ringold is the uplift of
Horse Heaven Ridge outside the project area (New-
comb, 1958, p. 340). The uppermost level of Lake
Ringold is now only relative because of continued
deformation of the Yakima Basalt and Ringold Forma-
tion in post-Ringold time. The lacustrine deposits
occur below an altitude of 1,000 feet in the Pasco
Basin, but to the north they lap up over the warped
surface of the basalt to altitudes of as much as 1,200
feet. The extent of the lake is inferred from the dis-
tribution of the Ringold laminated lacustrine clay and
silt deposits.

In the project area, Lake Ringold covered
the Pasco Basin, and was connected to the Quincy
and Othello Basins by the straits at Sentinel Gap, by
the Othello and Drumheller Channels, and possibly
by several other saddles that remain as present-day
wind gaps on the Frenchman Hills and Saddle Moun-
tains. Arms of the lake extended up the canyon of
the Columbia River into Sand Hollow, and eastward
up Lind and Washtucna Coulees.

During the existence of Lake Ringold, vol-
canic ash was ejected from eruptive centers probably
located west of the project area, near the present
site of the Cascade Range. The debris, blown east=
ward by the wind, settled and accumulated on land.
as eolian sand and silt, and fell or was washed info
the lake.
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The rising anticlinal ridges bounding parts
of the lake were eroding rapidly with the result that
alluvial fans in places reached or were flooded by
the lake waters. Thus, the fans built a piedmont slope
of basaltic fanglomerate, with the brown tuffaceous
sand and silt as interstitial material. These sediments
interfinger with the lacustrine material along the
slopes of the ridges.

The structural activity controlling sedimen-
tation in the project area during late Pliocene and
early Pleistocene time remained similar to that during
deposition of the Beverly Member of the Ellensburg
Formation; the basins were deepening and the anti-
clinal ridges were rising. The downwarping and up-
lift apparently continued throughout, and probably
after, the time of deposition of the laminated clay
in Lake Ringold. For example, in the eastem part
of the project area, the Ringold Formation abuts dis-
conformably against the basalt of the rising upland,
and on the Taunton Terrace the beds of Ringold lami-
nated clay are upturned about 20°. Also, basaltic
fanglomerate accumulated along the flanks of rising
anticlines and on piedmont slopes, where it interfin-
gers with Ringold laminated clay deposited in the
basin centers. On the other hand, there is no evi-
dence to show that the laminated clay ever extended
over the areas that are now the Frenchman Hills and
Saddle Mountains; this indicates that deformation
there could have been well advanced prior to deposi-
tion of the clay.

During the middle of the Ringold deposition,
a change in the barrier forming Lake Ringold permitted
the lake to overflow and the Columbia River to deposit
a swath of sorted gravel across the Pasco Basin. Ac-
cording to Newcomb (1958, p. 336), the river shifted
laterally in its course between Sentinel Gap and Wal-
lula Gap (south of project area). The subsurface ex-
tent of the Ringold conglomerate in the project area
(fig. 21) shows that just north of Pasco the Columbia
River was at one time nearly 9 miles east of its present

position.

Following the deposition of the conglomerate
(fig. 25), during which time the river flowed across
the shallow deposits it had brought to Lake Ringold,
the basin again held a lake long enough for an addi-
tional 400 to 500 feet of silt, clay, and fine sand to
be deposited. Final breaching of the enclosing rim
permitted the Columbia River to deeply erode the soft
deposits through which it now flows between Sentinel
and Wallula Gaps.

Periodic climatic fluctuations during accum-
ulation of the Ringold Formation are indicated by both
the numerous caliche layers intercalated within the
brown sand of the Ringold and the caliche layers that
overlie the conglomerate at the White Bluffs. The
massive caliche that caps the Ringold Formation also
shows that a long interval of aridity followed the
Ringold deposition.

PLEISTOCENE EPOCH

Middle Pleistocene

The arid climatic regime during the early
Pleistocene probably was followed by a cycle of
greater rainfall, as shown by the remnants of a once
prominent local drainage network that cut through
the caliche caprock. The climatic trend toward
increased rainfall (probably contemporaneous with
renewed deformation of basalt and a lowering of the
regional base level, or possibly a combination of
these factors) started a new cycle of erosion on the
caliche-capped Ringold Formation. Remnants of the
old drainage are strikingly preserved on the Royal
Slope and in parts of the Pasco Basin.

Remnants of a Ringold fill, once continuous
in the Othello Basin, underlie the northeastern part
of the Royal Slope and the Smyrna Bench. The mas-
sive caliche that caps the Ringold clay there is
breached by dry gulches that were once occupied by

deeply incised streams. The lower ends of the gulches



are abruptly truncated; near the valley of the master
stream which they joined, erosion has removed the
Ringold fill where large proglacial streams flowed
westward along the Othello Basin in late Pleistocene
time.

In the Pasco Basin, the principal valleys
that originated during the same cycle of erosion are:
(1) the V-shaped valley trending westward from sec.
3, T.14 N.,R. 28E., tosec. 2, T. 14 N., R. 27
E., at the east end of the Wahluke Slope (McKnight,
1927, p. 459; Bretz, 1927, p. 461); (2) the north-
westward-trending coulees along the White Bluffs—
Parsons Canyon (fig. 7), Baxter Canyon and Rankin
Canyon; and (3) the gulches that dissect the south=

ward-facing bluffs underlain by the Ringold Formation
inthe NWZ T. 10 N., R. 29 E., and the SWZ T. 11
N., R. 29 E.

e ;e
FIGURE 7.—Aerial view of Parsons Canyon, looking
southeast from White Bluffs. (U.S. Bureau
of Reclamation photo, 1954.)

Late Pleistocene

Creat Flooding and Runoff

The events that ultimately led nearly to
destruction of the drainage system that had developed
on the Ringold Formation were related to great floods

of melt water from regional glaciation in western
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North America. Several times late in the Pleistocene
Epoch large Cordilleran ice sheets advanced south-
ward from Canada to the Columbia River north of the
project area. The glacier was split into lobes by the
north=south ranges of the Okanogan Highlands and
Selkirk Mountains. Some of these lobes blocked the
Columbia River and its tributaries to form extensive
glacial lakes. Two of these glacial lakes, Columbia
and Spokane, overflowed their divides and spilled
southward, cutting the Grand Coulee and the Wilson
Creek-Telford scabland tract, respectively. The
greatest quantity of water was released by failure of
the ice dam that formed glacial Lake Missoula (Pardee,
1918, 1948; Bretz, 1930, 1959; Bretz and others,
1956). Tremendous volumes of water flowed down the
channels in the regional slope of east-central Wash-
ington to the Snake and Columbia Rivers. The water
combined with melt water from the west side of the
most westerly lobe (Okanogan lobe) and from all the
alpine glaciers on the eastern slope of the Cascade
Mountains before funneling through the Horse Heaven

Hills at Wallula Gap.
In addition to melt-water discharge from the

north, the Snake River also received a sudden influx
of water in late Pleistocene time. This occurred when
Lake Bonneville overflowed at Red Rock Pass, near
Preston, Idaho, and discharged into the Portneuf
River, which joins the Snake at Pocatello, ldaho
(Gilbert, 1890, p. 173; Malde, 1960, p. 295;
Trimble and Carr, 1961, p. B164-B166; Sterns,
1962, p. 386).

Overtaxed by the influx of glacial melt
water from so many sources, the preflood drainage
system was largely destroyed, the coulees and canyons
in and adjacent fo the project area were cut, and
much of the upland was cleaned of its loess mantle.
The spectacular landforms that remain today, long
known by their pioneer name of scabland and renamed
even more appropriately "channeled scabland™ by
Bretz (1919), are attributable to the effects of over-
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FIGURE 8.—Relief map of Columbia Plateau of eastern Washington, showing pattern of coulees of chan-
neled scabland resulting from rapid erosion by the Spokane Flood of late Pleistocene time.
Relief base from landform map of Washington, courtesy of Molenaar (1976).

fit streams on the land. Figure 8 shows the pattemn
in eastern Washington of the coulees resulting from
the great floods.

The Columbia River, swollen by glacial

melt water, first overflowed its banks and entered

the Quincy Basin from the west through Crater and
Potholes Coulees. The flow in this direction is indi-
cated by caliche=capped gravel near the head of the
two coulees with foreset beds dipping southeastward
away from the river (Bretz and others, 1956, p. 985).



During a much later period, torrential streams entered
the Quincy Basin through Grand Coulee, Dry Coulee,
the valley of Crab Creek, Black Rock Coulee, Rocky
Coulee, Bowers Coulee, and Lind Coulee.

The water entering the Quincy Basin from
the north and east was temporarily ponded but
subsequently flowed westward out through the three
preexisting channelways to the west (Crater Coulee,
Potholes Coulee, and Frenchman Springs Coulee) in
a direction opposite to that of the earlier flow in
these coulees. The floodwater also escaped, possibly
later, through a gap at the east end of the Frenchman
Hills at the present sites of the Warden and Drumheller
Channels; this was thereafter the main exit from the
Quincy Basin.

Probably the reason that the Drumheller
Channels became the dominant outlet of the water
temporarily ponded in the Quincy Basin is because
the floor of the gap stood at an altitude lower than
those of the three western channelways. The high-
gradient torrential streams, which flowed down the
south slope of the Frenchman Hills at the present site
of the Drumheller Channels, removed the Ringold
cover and excavated deep channels by plucking the
columnar, vertically jointed basalt. The resulting
waterfalls migrated upstream across the low end of
the Frenchman Hills anticline and other subordinate
anticlinal flexures north of it.

The direction of flow from the Drumheller
Channels at first was mostly southeastward to the
Othello Channels, over and around the east end of
the Saddle Mountains. Later, after spillover had
breached the Ringold fill across the lower part of the
Royal Slope, the flow of melt water was westward
down Lower Crab Creek valley. A small wind gap
across the crest of the Saddle Mountains, with a sill
at an altitude of 1,157 feet in the SWANEZ sec. 5,
T. 14 N., R. 29 E., was used as a spillway by ponded
glacial melt water, probably before Othello Channels

and Lower Crab Creek valley were fully excavated.
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A small waterfall with closed depressions was eroded
in the basalt on the south slope of the Saddle Moun-
tains, below the water gap in the SEZSWZ sec. 5.

South of the Othello Channels, the flow of
melt water was split into several distributaries. Melt-
water streams removed most of the Ringold fill overly-
ing the basalt, and the preexisting drainage system
that had developed on the Ringold Formation was
largely removed. The melt water flowing southwest-
ward toward the Columbia River enlarged and deepened
preexisting stream channels now represented by Koontz
Coulee, Ringold Coulee, and three smaller unnamed
coulees across Columbia Flat. Melt water from the
Othello Channels at times merged with that entering
the project area through Washtuena Coulee between
Connell and Mesa. The combined flow eventually
discharged through the lower part of Esquatzel Coulee
and the unnamed coulee east of Esquatzel Coulee,
then into the proglacial Snake and Columbia Rivers.

The Snake River, likewise swollen by melt
water and with a gravel-loaded bed above its present
level, overflowed its banks a short distance upstream
from the project area and swept across Snake River
Flat. It removed loess and some Ringold lacustrine
clay that overlie basalt there, and left a bar of gravel
in its wake. The residual hills of loess and the gravel
bar have been described and illustrated by Bretz
(1925a, p. 108, fig. 5).

The melt water emptying into the basins
brought in great volumes of basaltic gravel and sand.
Gravel bars in the northern and eastem coulees are
fluvial forms that were built from the bedload of these
streams (Bretz and others, 1956, p. 977, pl. 8). An
excellent example in Lind Coulee is provided by the
bar near Roxboro. This deposit is the coarse bedload
dropped because of a decrease in velocity caused by
ponded water in the Quincy basin. Another example
is the Priest Rapids bar, at the west end of Wahluke
Slope, which is considered the remnant of a deltaic

deposit in Lake Lewis during a stillstand at an altitude
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of about 860 feet.

The presence of ponded water in the Quincy
Basin also is suggested at many places by the occur-
rence of two deposits of lacusirine silt, resembling
the Touchet Beds of Flint (1938). One deposit of this
lacustrine silt and associated erratics occurs up to an
altitude of 1,400 feet (based on aerial-photo inter-
pretation) in Bowers Coulee near the project boundary,
and the other deposit reaches a common altitude of
about 1,150 feet. lce-rafted boulders occur on the
north slope of the Frenchman Hills at altitudes as high
as 1,360 feet insec. 21, T. 17 N., R. 26 E. (Bretz
and others, 1956, p. 999). That altitude is more than
200 feet above the floor of Quincy Basin. Similarly,
faint shorelines southwest of the mouth of Lower Grand
Coulee in sec. 23 and the SEX sec. 14, T. 22 N.,

R. 26 E., are littered with ice-rafted debris at an
altitude of 1,400 feet, more than 250 feet above the
present level of Soap Lake. The highest scabland
along the south slope of Pinto Ridge, north of the
Crab Creek valley, also stands at much higher alti-
tudes than any of the outlets used by glacial melt
water in the Quincy Basin.

The highest recognizable spillways definitely
attributable to the glacial outwash streams active in
late Pleistocene time are: (1) a narrow channel in
the SEX sec. 15, T. 17 N., R. 30 E., 1 mile east of
the eastern wall of the Warden Channel, whose floor
stands at 1,315 feet and is underlain by channeled
caliche; (2) a small scabland channel that is a part
of the large plexus of channels at Frenchman Springs
Coulee near the center of sec. 17, T. 18 N., R, 23
E., and stands at an altitude of 1,350 feet (Bretz and
others, 1956, p. 999); and (3) a narrow channel that
crosses Evergreen Ridge near the center of sec. 5,

T. 18 N., R. 23 E., with a threshold of channeled
caliche and basalt at an altitude of 1,383 feet.

Origin Ef: and Sedimentation in, Lake Lewis

The first runoff of large volumes of glacial

melt water met with considerable resistance because

of the limited capacity of the preglacial valleys and
water gaps. The Columbia Gorge, deeply cutting
the Cascade Range between Oregon and Washington,
was the main water gap where obstruction occurred.
The lake that was impounded upstream from this ob-
struction extended over the valley of the Columbia
River and its tributaries to a level of 1,150 feet in
the Pasco Basin (Bretz, 1919, p. 498-499, fig. 2;
1928b, p. 325-328; 1928¢, pl. 5; Bretz and others,
1956, p. 983; Flint, 1938, p. 496-498, fig. 5;
Bryan, 1927, p. 27; Lupher, 1944; Newcomb, 1962,
p. 70). This is the submergence to which the name
Lake Lewis applies.

The lacustrine silt deposited in Lake Lewis
in the Pasco Basin is the Touchet Beds of Flint
(1938). The fime of sedimentation in Lake Lewis is
uncertain relative to the time of channeling by gla-
ciofluvial streams. At places, the lacustrine silt
occurs well above the principal channelways that
carried glaciofluvial discharge in late Pleistocene
time. Thus, deposition of the lacustrine silt could
have taken place in a lake extending over the area
before the first torrential streams came into existence,
or between two episodes of glaciofluvial discharge.
However, Royal Slope, Wahluke Slope, Owens Flat,
Columbia Flat, and the sites of Drumheller and Othello
Channels were not submerged when the Ringold fill
was channeled at these localities. Also, sedimen-
tation in Lake Lewis preceded the last channeling
episode on the Royal Slope and upper part of the Pasco
Basin, because the lacustrine silt is not found in the
scabland tracts or other melt-water channels there.
The last settling of lacustrine silt in Lake Lewis took
place after major use of the Snake River by glacial
melt water, when the lake level was about 550 feet.
The lacustrine silt now found on poorly defined ter-
races within the canyon of the Snake River would have
been washed away by the stream currents had the Snake
River discharged large volumes at a later time. Like=
wise, the presence of Touchet silt deposits at an alti-
tude of only about 400 feet at old Wallula (just south



of project area) beside the Columbia River indicates
that its deposition postdated any great flows of water
through Wallula Gap.

HOLOCENE EPOCH

The advent of the Holocene Epoch was marked
by (1) a change in climate, (2) recession of continen-
tal ice from northern Washington, and (3) cessation
of glaciofluvial discharge entering the project area.
According to Hansen (1941, p. 503), the Holocene
Epoch included "an initial cool and subhumid period,
followed by desiccation and warming, and a final
period of cooling and possible increase in moisture."

Present=day streamflow, small in comparison
to that of the Pleistocene glaciofluvial discharge,
has been unable to further modify the scabland chan-
nels; this has resulted in a general lack of stream inte-
gration within the project area. The lack of integra-
tion is indicated by the many short tributary gullies,
the damming of streams by sand dunes, and the pres-
ence of many closed depressions in the abandoned
glaciofluvial channelways that are occupied by water-
table lakes. These lakes rarely overflow because of
the lack of surface runoff within the individual basin,
the large evaporation rate, and the presence of gravel-
filled subsurface outlet channels in some places. Some
of the lakes that have the least surface or subsurface
outlets have become saline because of the concentra-
tion of solutes due to evaporation of the incoming
ground water.

In the Holocene Epoch the processes of deg=~
radation and aggradation are active, as in the Pleis-
tocene, but to a considerably lesser extent. Talus
slopes, landslides, and gully erosion are degrading
parts of the project area while stream deposition,
sand dunes, and loess accumulation are aggrading
other parts.

Wind deflation and redeposition of sand and
silt are the processes that have most intensely modified
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the land surface in the project area during the Holo-
cene Epoch. In the Quincy Basin and on the Pasco
Slope, the glaciofluvial sand and lacustrine silt have
been the source material for the dunes. In the Quincy
Basin the deposits of sand have dammed the course of
Crab Creek to form Moses Lake.

In the present climate, mechanical weather-
ing is more dominant than chemical weathering, and
the principal change in the basaltic cliffs has been
the accumulation of talus. The valleys that were not
actively eroded in late Pleistocene time have few, if
any cliffs; they generally have smooth slopes because
the deposition of loess on top of the talus has provided
a protective cover to slow mechanical weathering.

Landslides occurred during and immediately
after the last glaciofluvial flooding. They are found
in several places in the project area, largely where
the glacial streams had undercut steep slopes. The
largest landslide (about 4 square miles) is on the north
slope of the Saddle Mountains between Taunton and
Corfu. Other large landslides have occurred on the
slopes of the Saddle Mountains and the White Bluffs.
No slides are known to have occurred late in Holocene
time.

Gully erosion is active along the mountain
slopes. Elsewhere in the project area, ephemeral
streams are entrenched 3 to 10 feet into Holocene soil
or alluvium. The start of this entrenchment by surface
runoff apparently coincides with or has been acceler-
ated by man's settlement with its consequent cultiva-

tion and grazing.

STRATIGRAPHY

MIOCENE AND PLIOCENE ROCKS

Yakima Basalt

The Yakima Basalt is the younger of two for-
mations of basalt included in the Columbia River Basalt
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Nomenclature proposed Nomenclature used in this repoﬁy
Series by Mackin (1961)
System Subund' Group
Series .
Formation Member and unit Formation Member or unit T'::‘f‘:;“
Loess 0-25
Dune sand 0-75
Holocene Alluvium 0-20
> Fluvial, Colluvium 0-35
@ lacustrine,
= and Landslide debris 0-200
% eolian
Ui deposits Lacustrine fine 0-75
E sand and silt
2 i 3
Glaciofluvial
@ gravel and sand 0-225
Pleistocene
Older alluvium 0-30
Basaltic fanglomerate |0-260
Buff laminated clay |0-500|
Ringold Quartzitic conglomerate |0-200 0-800
Formation
Brown tuffaceous sond |(O-100
Gravel deposits
Pliocene in wind gops 030
Saddle Mountains Ellensburg Beverly 'audd!e 0-300
. Basalt Member Formation Member ountains|
Ellens:qurq I\ Menber 0-400
Formation
|~
Priest Rapids Member 0-200
Quincy Diatomite \ %
> [ Bed / 0-35
% Roza Basalt Member Roza Member 0-200
'EET = Squaw Creek Squaw Creek 0-5
w o § Diatomite Bed Diatomite Bed
h= E 2 Sentinal Gap Flow Frenchman Springs 250~
Late Miocene ) Yokima | &€ Sand Hollow Flow Yaki Member 375
c‘#mb'“ Bosalt |S & | Gingko Flow Basalts
Iver
Basalt ; Vantoge Sandstone Vantage Sandstone 0-35
Group*/ Member Member
Museum Basalt
Member
Rocky Coulee basalt flow 1000+
Bosalt Member Lo s
Unnamed
flows
Middle Picture Gorge Not exposed
Miocene Basalt if present

FIGURE 9.—Stratigraphic sequence and relationship of principal rock units described in this report, and
comparison with nomenclature of Mackin 8961).

Y With the exception of the term Columbia River Basalt Group and the age of the Ringold
Formation, the nomenclature and age assignments used herein follow that of the geologic map and sections
by Grolier and Bingham (1971). However, the authors recognize that subsequent work by others has since
revised the dating of some formations, members, and units.



Group (Griggs, 1976) which is of middle Miocene
through Pliocene age. The older formation, termed
Picture Gorge Basalt by Waters (1961, p. 591) is of
middle Miocene age; the Yakima Basalt (see footnote
to fig. 9, p. 20) is of late Miocene and early Plio-
cene age (Fiske and others, 1963, p. 63). Only the
Yakima Basalt is known to occur in the project area.
It underlies the entire area and forms the "bedrock"
upon which rest sedimentary rocks of younger age.

Mackin (1961, p. 8, fig. 2) has described
and named the units in the uppermost part of the
Yakima Basalt. Later, Bingham and Grolier (1966)
adopted a slightly modified version of Mackin's
nomenclature, as shown in figure 9. The modified
terminology is used in the present report.

The Yakima Basalt is a dark-gray, fine-
textured, well-jointed, extrusive rock that occurs in
individual lava flows, many of which are of great lat-
eral extent. The overall appearance is monotonous,
but many flows have distinctive features such as color,
texture, degree of crystallization, hardness, porosity,
vesicularity, thickness, breakage habits, kind of
jointing, alteration, and permeability. The porphy-
ritic nature of the basalt in some flows and the pres-
ence of a few sedimentary beds interstratified in the
flows greatly facilitate mapping. Taken separately,
any single feature is not adequate to trace individual
flows laterally, but the constant association of several
of these characteristics in one flow, when considered
in relation to the characteristics of the overlying and
underlying flows, is sufficient for stratigraphic iden-
tification of some flows over distances of tens of miles.
For example, on the basis of its distinguishing char-
acteristics, the Roza Member was traced by Bingham
and Walters (1965, C87) to the vicinity of Pullman,
175 miles east of its type section in the Yakima Can-
yon. The geologic map by Grolier and Bingham (1971)
shows that members of the Yakima Basalt are traceable
across the length and breadth of the project area.

Field observations of the basalt are supple=

mented by subsurface data obtained from selected
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drillers' logs (Appendixes Il and Ill). Four deep wells,
drilled in search for oil within and outside the project
area, have penetrated thicknesses of Yakima Basalt
much greater than 1,700 feet. One of the wells,
21/31-10M1 (Appendix | for well-numbering system)
drilled in 1960 at an approximate altitude of 1,610
feet, 5 miles east of the project boundary, penetrated
4,465 feet of basalt before entering 202 feet of shale
and sand atop a granitic basement.

The two deepest wells in the project area
were drilled in the Frenchman Hills. According to
well drillers' logs and other reports, they encountered
only basalt with occasional beds of tuff, shale, and
sandstone. One well (17/24-23H1) at an altitude of
1,238 feet was drilled to a depth of 2,280 feet. The
other (17/28-19D1) at an altitude of 1,443 feet was
drilled in 1934 to a depth of 4,570 feet.

Another deep well was drilled in 1957 on
the Rattlesnake Hills in Benton County at an altitude
of about 2,875 feet in the SEZSEZ sec. 15, T. 11 N.,
R. 24 E., about 25 miles west of the Columbia River
at Ringold. The well is reported to have penetrated
10,650 feet of basalt and associated volcanic sedi-
ments (M. T. Huntt'ng, written communication, 1961).

During the field investigation, efforts were
made to locate the sources of the basalt flows. Al-
though no plug or feeder dike was observed that could
be described with certainty, a circular depression 300
feet in diameter in the Priest Rapids Member could
be the surface expression of a spiracle or a flooded
feeder vent. It is located north of Upper Goose Lake,
near the western end of the Drumheller Channels in
SEX sec. 23, T. 17 N., R. 28 E. The outer margin
of the ringlike depression consists of columnar basalt
(fig. 10), but within the concavity, the basalt is platy
and rises toward the center in slabby swirls (fig. 11).
This feature was first recognized by Bureau of Recla-
mation geologists (G. E. Neff, oral communication,
1960) and is similar to much larger rings (locally
known as "craters"), which occur in the Roza Member

near Odessa, outside the project area and 39 miles
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FIGURE 10.—OQuter rim of ringlike depression in
basalt flow of Priest Rapids Member in
SEX sec. 23, T. 17 N., R. 28 E. (U.S.
Bureau of Reclamation photo.)

FIGURE 11.—Platy swirls near center of ringlike
depression in basalt flow of Priest Rapids
Member in SEX sec. 23, T. 17 N., R.
28 E. (U.S. Bureau of Reclamation photo.)

northeast of the ring in Drumheller Channels.

Another feature is the linear exposure of
porphyritic Saddle Mountains basalt in the NEX T, 13
N., R. 29 E., which was shown on the geologic map
of Grolier and Bingham (1971); this feature is in align-
ment with the regional structure of eastern Washington.
Although it may be simply a valley fill, it may be
related to a deep-seated structure such as a dike.

The trend of N. 15° W., which is transverse to the
regional slope, is not likely to be that of a valley fill.
This outcrop also is in a straight alignment with sev-
eral other exposures of porphyritic Saddle Mountains
basalt to the southeast; this further suggests a struc-

tural rather than an erosional relationship.

Lower Basalt

All Yakima Basalt flows underlying the Van-
tage Sandstone Member are considered together and
are referred to in this report as the "lower basalt. "
The color and texture of the lower basalt reflect its
mineralogic composition. The basalt is dark gray to
black, even when weathered. It is very fine grained
to aphanitic, and differs from the overlying members
of the formation in its tendency toward small splintery
columnar jointing and, in many places, by spectacular
fan jointing. The bases of some of the flows consist
of thick zones of coarse rubble or agglomerate, which
are rare or absent at the bases of most upper members
of the Yakima Basalt. Waters (1961, p. 598) has
determined the mineral composition of basalt flows
exposed east of Crescent Bar which are representative
of the lower basalt. Waters believes that the most
distinctive mineralogical characteristics of the basalt
are a high percentage of glass—nearly 30 percent—
and an almost complete absence of olivine. The flows
there average 31 percent plagioclase, 28 percent
pyroxene, and nearly 11 percent opaque and altera-
tion minerals.

The exposed top of the lower basalt is a
surface of low relief in most places, developed by the
easy erosion and removal of the soft Vantage Sand-
stone Member that overlies the lower basalt. Under
normal differential erosion, which controls the retreat
of basalt layers in upland areas, this stripped struc-
tural surface is the most prominent of many such sur-
faces on the basalt. In the coulees, the lateral
removal of the overlying basalt has been accelerated
by stream erosion of the Vantage Sandstone Member.
Some examples of this stripped surface are the Babcock
Bench (including its southward extension fo Frenchman
Springs Coulee), the surface followed by Interstate
90 for 4 miles north of the Vantage bridge, the bench
above Brook Lake and Long Reservoir (renamed Billy



Clapp Lake), and the floor of the coulee tributary to
Lower Grand Coulee east of the Great Blade.

The lower basalt is exposed where erosive
processes have been most active. For example, out-
crops are restricted mainly to the canyon of the
Columbia River, to Lynch Coulee, the west end of
Crater Coulee, the slopes of the Beezley Hills, Lower
Grand Coulee, Dry Coulee, low benches in the east-
ern part of upper Crab Creek valley, and the north
slope of the western half of the Saddle Mountains.

Vantage Sandstone Member

The Vantage Sandstone Member of late Mio=-
cene age overlies the lower basalt and underlies the
Frenchman Springs Member. Roadcuts along old U.S,
Highway 10, near the mouth of Schnebly Canyon west
of the project area, were chosen by Mackin (1961,

p. 12) as the type locality of the Vantage Sandstone
Member. The sedimentary deposits that form the mem-
ber are oxidized to pale yellow where exposed, but
are reported as blue or green by drillers. The Vantage
Sandstone Member consists of medium-grained, friable
quartz-feldspar-mica sand, or of a weakly cemented
tuffaceous sand containing hornblende. This distinc-
tive tuffaceous sand is generally overlain by tuffaceous
silt and clay mixed with quartz and mica. Poorly pre-
served carbonized twigs and plant impressions com=
monly occur in a black earthy zone near the top of
the tuffaceous silt and clay.

The member is about 35 feet thick in the
Vantage-Priest Rapids area, but thins to the northeast.
In a railroad cut near Bacon siding in SEZ sec. 13,

T. 23 N., R. 27 E., the Vantage Sandstone Member
is no more than 1 foot thick.

The Vantage Sandstone Member is laterally
continuous in the northern part of the project area,
where it constitutes an important marker bed in the
logs of many wells. The member rarely crops out along
Coulee walls because it is concealed by talus that has

fallen from overlying flows onto the margin of the

Yakima Basalt 23

lower basalt bench. The sandstone is completely
stripped from most of this bench, and natural exposures,
therefore, are few. The main exposures are in the
creek bed of Lynch Coulee in the NWi sec. 27, T.

21 N., R. 23 E.; at the bottom of gulleys dissecting
the southeast slope of the Beezley Hills, southwest
and northeast of Ephrata; in Lower Grand Coulee,
about 1 mile north of Soap Lake, where a monoclinal
flexure causes the basalt to rise sharply toward the
northern upland; at the northwest corner of Frenchman
Springs Coulee, in the SE% sec. 19, T. 18 N., R. 23
E.; along Interstate 90, in the NWZ sec. 5, T. 17 N.,
R. 23 E., where the Yakima Basalt is thrust faulted
along the north flank of the Frenchman Hills anticline;
and in a gully at the west end of Smyrna Bench, in

the SW% sec. 34, T. 16 N., R. 25 E., where the
rocks are overturned and faulted along the north limb
of the Saddle Mountains anticline. Also, the Van-
tage Sandstone Member crops out on the deeply dis-
sected southern slope of the Saddle Mountains, near
the W4 cornersec. 7, T. 15 N., R. 26 E., and on
the north slope in SWENEZ sec. 3, T. 15 N., R. 25
E. Excellent manmade exposures occur in railroad
cuts and roadcuts along State Highway 28 in the

lower part of Lynch Coulee, and af the north end of
Dry Coulee.

Frenchman Springs Member

The Frenchman Springs Member of late Mio=
cene age overlies the Vantage Sandstone Member and
underlies the Roza Member. Near Sentinel Gap it
consists of the Gingko flow (lowest), Sand Hollow
Flow, Sentinel Gap Flow, and the Squaw Creek Diat-
omite Bed (highest). The type locality selected by
Mackin (1961, p. 13) is in Frenchman Springs Coulee
(fig. 6). However, there the Sentinel Gap Flow, the
stratigraphically highest flow, is missing as it did not
extend that far north. The three flows, and possibly
additional ones that are part of the member in Wash-

tucna Coulee, are not differentiated and are mapped
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together on the geologic map of Grolier and Bingham
(1971).

The basalt of the Frenchman Springs Member
is dark gray to black, medium grained to aphanitic,
and sparsely porphyritic. The mineral composition
of a sample from Babcock Ridge is 34.6 percent plagi-
oclase, 21.4 percent monoclinic pyroxene, 8.0 per-
cent olivine, 6.9 percent opaque minerals, and 27.7
percent glass (Waters, 1961, p. 602, sample 10).

At its type locality in Frenchman Springs
Coulee, the member is about 250 feet thick, but
where the Sentinel Gap Flow is present, its thickness
increases to about 375 feet. The member thins north-
ward and northeastward from Soap Lake.

The areal distribution of the Frenchman
Springs Member is very similar to that of the lower
basalt. Exposures of Frenchman Springs basalt are
restricted mostly to the Columbia River canyon walls,
the Beezley Hills, Lind Coulee, the Drumheller Chan-
nels at the east end of the Frenchman Hills, and the
Saddle Mountains west of Corfu.

The two characteristics useful in identifying
the Frenchman Springs basalt are (1) the character
and density of phenocrysts and (2) the existence of
pillows and palagonite in the basal flow. Jointing
habits of the Frenchman Springs basalt do not differ
sufficiently from those of the overlying basalt mem-
bers to be used independently as reliable guides in
identification.

The Frenchman Springs basalt is identified
by the presence of large, internally shattered plagio-
clase phenocrysts that are partly resorbed and weakly
zoned. The phenocrysts occur as single crystals or
in clusters and are roughly equidimensional, from
one-half to 1 inch in diameter. They are transparent
and clear at some localities, but are more commonly
slightly stained by limonite. In places, the dense,
columnar part of a flow may show only one large
phenocryst per 1,000 square feet of exposure and, as
Mackin (1961, p. 13) points out, "Clusters may occur

near the top, near the base, or anywhere in the flow
."  Generally, pillows at the base of a flow
and the hackly tabular jointed lava of some flow units
are extremely porphyritic, but the typically large
shattered phenocrysts may be rare even there.

Where a Frenchman Springs basalt flow is
extremely porphyritic, and where the phenocrysts
cannot be readily distinguished from those in other
porphyritic members of the Yakima Basalt, definite
stratigraphic identification of the Frenchman Springs
basalt is dependent upon the position of the flow rela-
tive to the underlying and overlying members. The
upper Frenchman Springs flow, exposed in the coulees
of the northeastern part of the project area, is a case
in point. The irregular distribution of phenocrysts in
the Frenchman Springs Member is most obvious in the
Sentinel Gap Flow (not separately mapped), which is
almost nonporphyritic where it is columnar, and
sparsely porphyritic where hackly or altered to palag-
onife.

The basal part of the Ginkgo flow, lowest
flow of the Frenchman Springs Member, consists of a
zone of pillows and palagonite that is 50 to 75 feet
thick in the Vantage-Priest Rapids area. It is best
exposed in a highway cut at the junction of Sand
Hollow and the valley of the Columbia River (fig. 12).

o

FIGURE 12.—Pillow-palagonite zone in basal part
of Frenchman Springs Member (Ginkgo flow)
at mouth of Sand Hollow.



This zone has been traced to the northeastern part of
the project area, where it is 20 to 30 feet thick. In
the Vantage-Saddle Mountains area, it contains many
petrified logs that lie partly or entirely imbedded
between pillows or in palagonite. This zone is hidden
under talus in parts of the project area.

Mackin (1961, p. 21) thought that in the
Squaw Creek drainage basin, about 30 miles west of
the project area, a bed of diatomite resting on French-
man Springs basalt was "deposited in a lake impounded
by the Sentinel Gap flow . . . ." This unit, named
the Squaw Creek Diatomite Bed (Bingham and Grolier,
1966, p. 8), is thought to be part of the Frenchman
Springs Member on the basis of its lateral equivalence
and genetic relationship to the Sentinel Gap Flow.

East of the Columbia River, within the pro=
ject area, the only observed exposure of the diatomite
is an outcrop about 15 feet long and 5 feet thick in
Frenchman Springs Coulee, in NEXNEZ sec. 29, T.
18 N., R. 23 E. Elsewhere in the project areqa, a
thin bed of clay or diatomaceous siltstone (at most
places less than 1 foot thick), silicified wood occur-
ring as stumps, and odd-shaped concretions of silica
mark the contact between the Frenchman Springs

Member and the overlying Roza Member.

Roza Member

The Roza Member overlies the Frenchman
Springs Member and underlies the Priest Rapids Mem-
ber of the Yakima Basalt. The type locality of the
Roza Member was selected by Mackin (1961, p. 21)
as "a scarp on the . . . . east side of the Yakima
River opposite Roza station." (Roza station is a rail=
road siding in the Yakima River canyon between
Ellensburg and Yakima, approximately 25 miles south-
west of the Vantage bridge over the Columbia River.)
The Roza Member lies above the Frenchman Springs
Member and its associated Squaw Creek Diatomite
Bed, and is overlain in tum by the Quincy Diatomite

Bed of the Priest Rapids Member.
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The Roza basalt is dark bluish gray and
weathers to a deep red-brown color. It is medium to
coarse grained, porphyritic, and contains plagioclase,
monoclinic pyroxene, iron-rich olivine, opaque min-
erals, and glass (Waters, 1961, p. 602, sample 8).
The phenocrysts are plagioclase crystals that are light
yellow or amber and transparent; they are lath shaped
and average about 1 centimeter in length and one-
half a centimeter in width.

The average thickness of the Roza Member
is 100 feet, on the east wall of the Columbia River
canyon. The basalt pinches out north of Potholes
Coulee and thins north of the Crab Creek valley east
of Adrian. It thickens eastward along the axis of the
Frenchman Hills anticline, and is over 200 feet thick
in the Drumheller Channels, where it consists of two
flows.

The Roza basalt has a columnar jointing
system through most of its thickness. Columns are 5
to 10 feet in diameter and tend to break into slabs
and chips along platy joints normal to the column
axis. In many places, these horizontal platy zones
grade upward into a zone of swirling plates that char-
acterize the upper parts of the columns. Wherever
platy parting is well developed, the Roza basalt is
coarser grained than average, and plagioclase pheno-
crysts look dark in the groundmass. In some places
uniform pinches and swells in the column faces give
the appearance of helical fluting irregularly along
the columns. They are spectacularly displayed in the
north wall of the south alcove at Frenchman Springs
Coulee (fig. 6; Mackin, 1961, pl. 6A, p. 20).

The Roza Member is exposed high along the
east wall of the Columbia River canyon from Sentinel
Gap to a point 2% miles north of Potholes Coulee,
where it ends abruptly. It is exposed largely in the
eastern part of the Quincy Basin, high along coulee
walls. In Lower Grand Coulee it composes part of
the Great Blade (fig. 13), and the scabland tract to
the southeast. Roza basalt underlies most of the Royal
Slope west of Low Gap and north of Sand Hollow. It
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FIGURE 13.—Lower Grand Coulee, looking south, showing Roza basalt flow contacts exposed near the
Great Blade (narrow ridge on skyline above automobiles). Note hanging valleys along wall of
coulee in right background. (U.S. Bureau of Reclamation photo.)

crops out in the northern half of the Drumheller Chan-
nels, along the north and south slopes of the Saddle
Mountains west of Corfu and, prior to submergence
there in 1952, it was observed on the shore of Eagle
Lakes in the Othello Channels (G. E. Neff, oral
communication, 1962).

The Roza is the member of the Yakima Basalt
most easily recognized in the field. It is the uppermost
of several porphyritic flows (including those of the
Frenchman Springs basalt) that are collectively referred
to as "feldspar flows" by Bureau of Reclamation geolo-
gists, who have been using them for many years as a
key to the stratigraphy and structure in their work on
damsites in the northern half of the project area
(W. H. Irwin 1941 and F. O. Jones 1945, unpublished
U.S. Bureau of Reclamation reports).

The upper part of the Roza is easily recognized
in the area bounded by Black Rock Coulee, Spring Cou-
lee north of Pinto Ridge, and the course of Crab Creek
between Adrian and the mouth of Black Rock Coulee.

Porphyritic basalt of the Roza Member is

exposed east of Connell, high along the walls of

Where the
section is best exposed near Sulphur Lake, the strati-

Washtuena Coulee and its tributaries.

graphic sequence includes a coarse-grained gabbroic
basalt amidst other flows of the Frenchman Springs
Member, and also a nonporphyritic flow (possibly
equivalent to Mackin's Sentinel Gap Flow) underly-
ing Roza basalt. Basalt of the Roza Member is also
exposed at the mouth of Providence Coulee and
between Connell and Mesa.

In the eastern part of the project area, the
lower flows of the Yakima Basalt and, rarely, the
Frenchman Springs Member, which are necessary to
make a positive identification of the Roza in the field,
are not exposed. Also, in the upland and along the
upper part of coulee walls, bedrock is generally con-
The Roza
Member probably underlies the largest part of the loess-

cealed by loess or covered with talus.

mantled upland from Hatton Coulee to Rocky Coulee,
but there exposures are few, and identification of the

basalt is based on lithology only.



The Roza basalt cannot be recognized with
assurance in drillers' logs; the porphyritic nature of
the flow generally is not recognizable in the fine

cuttings of a chum drill.

Priest Rapids Member

The Priest Rapids Member overlies the Roza
Member and in different places is overlain by the
Saddle Mountains Member of the Yakima Basalt, the
Beverly Member of the Ellensburg Formation, and
sedimentary deposits of Pleistocene age; elsewhere,
it is exposed at land surface. The type locality is
upstream from the Priest Rapids Dam on the west side
of the Columbia River, where the flows are exposed
"in a south-dipping homocline on the west side of
the reservoir”  (Mackin, 1961, p. 23). There, the
Priest Rapids Member consists of four lava flows and
the Quincy Diatomite Bed. The diatomite bed may
also contain layers of silt and clay.

The Priest Rapids basalt is grayish black,
medium fo coarse grained, and nonporphyritic, al-
though some flows contain small phenocrysts easily
noted in thin sections. Owing to a slightly diktytax-
itic texture (Mackin, 1961, p. 23), the Priest Rapids
basalt weathers easily. On a freshly broken sample
the surface has a distinctive greenish cast, caused
by saponite and chlorophaeite. Where weathered,
the basalt is mottled brown, and the outer surface

shows a distinctive red-brown color.

According to Waters (1961, p. 602, table 9,

sample 9), the Priest Rapids basalt contains plagio=
clase, monoclinic pyroxene, olivine, glass, opaque

minerals, and various decomposition products. The

olivine-saponite content (12.5 percent) is the highest

of the members of Yakima Basalt sampled by Waters.
The percentage of glass (5.5 percent) is less than a
third that of the Roza basalt, and less than a fifth
that of the Frenchman Springs basalt.

The four flows of the Priest Rapids Member
at the Priest Rapids damsite have a total thickness of
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220425 feet (Mackin, 1961, p. 23). From the central
part of the project area, the Priest Rapids appears to
thin rapidly northward and eastward. In the extreme
northeastern part of the area, the columnar part of
some of the Priest Rapids flows thins, with a propor-
tionate thickening of the hackly part. It is uncertain
whether the hackly basalt, which is black and finer
grained than typical Priest Rapids basalt, is merely
the entablature overlying the colonnade of a single
Priest Rapids flow, or whether it represents another
thin flow without colonnades.

~ Columns in the Priest Rapids basalt are as
much as 10 feet in diameter. Platy parting normal to
the column axis occurs to a lesser degree than in Roza
basalt. In the Drumheller Channels, platy parting in
Priest Rapids basalt occurs either in the upper or the
lower part of the columns (fig. 14). The columns
may break into large prismatic sections with spherical
fracture surfaces of a roughly cup-and=ball character,
also known as "ball-and-socket" joints. The shallow

concavity of the upper surface of the blocks is more

pronounced then in similar slabs from other members
of the Yakima Basalt, and helps to identify the Priest
Rapids basalt (fig. 14).

FIGURE 14.—Columnar jointing in basalt of Priest
Rapids Member in SWzNE% sec. 11, T. 16
N., R. 28 E. Platy parting is normal to
axis of columns. The three columnar sec-
tions in foreground display typical shallow
concavity.
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As mapped in the northeastern part of the
study area by Grolier and Bingham (1971), the Priest
Rapids basalt constitutes the uppermost flows exposed
along the coulee walls. East and north of the Crab
Creek valley, it also is exposed in outliers resting
on the Roza basalt. North of Pinto Ridge, four flows
of the Priest Rapids Member are exposed and are re-
ported in the logs of Bureau of Reclamation test holes
(W. E. Walcott and G. E. Neff, unpublished U.S.
Bureau of Reclamation report, 1950, p. 4).

The Priest Rapids Member is absent in most of
the western part of the Frenchman Hills north of Sand
Hollow and west of Low Gap Poss, although the basal
part of a Priest Rapids flow, 1 or 2 feet thick, over-
lies the Quincy Diatomite Bed at places in the quarry
in the SWANEZ sec. 8, T. 17 N., R. 24 E. Priest
Rapids basalt underlies Wahatis Peak and many of the
hogbacks along the north and south slopes of the
Saddle Mountains. East of the Saddle Mountains,
the basalt crops out along the shorelines of Eagle Lakes
and Scooteney Reservoir. In most of the scabland in
and south of the Othello Channels the Priest Rapids
flows are concealed by the overlying Saddle Mountains
Member. Between Hatton Coulee and Bowers Coulee,
the Priest Rapids basalt is nowhere exposed, and may
not have extended there.

The lack of phenocrysts in the Priest Rapids
Member is the most obvious identifying criterion in
the field. The distinctive red=brown color of weath-
ered surfaces also provides a clue.

In most of the project area, basalt of the
Priest Rapids Member lies directly on the Quincy Diat-
omite Bed rather than on the Roza Member. The type
locality of the Quincy Diatomite Bed is in the south-
western part of the Quincy Basin near Frenchman
Springs Coulee. The writers agree with the statement
by Mackin (1961, p. 26) that "On the assumption that
the . . . lake [in which the Quincy Diatomite Bed
was deposited] was impounded by one Priest Rapids
flow and destroyed by another, the Quincy diatomite

is considered to be a part of the Priest Rapids Basalt
Member." The Quincy Diatomite Bed was shown on
the geologic map of Grolier and Bingham (1971)
wherever exposures warranted it, but none of the four
basalt flows of the Priest Rapids Member were mapped
separately.

The Quincy Diatomite Bed is as much as 25
feet thick in the southwestern part of the Quincy
Basin, and as much as 35 feet thick on the south slope
of the Frenchman Hills (fig. 15), where it is quarried
in the E- sec. 8, T. 17 N., R. 24 E. The thickness
of the diatomite varies greatly, as does the occurrence
of silt and clay layers, layers of banded opal, and
nodules of opal within the diatomite. In many places,
discontinuous layers or isolated nodules of opal are in

or under the diatomite.

- Caliche

FIGURE 15.~—Quincy Diatomite Bed in pit in SW}
NEZ sec. 8, T. 17 N., R. 24 E. Part of
one flow of Priest Rapids Member overlies
the diatomite. Pick rests on lens of opal
within diatomite. Layer of massive caliche
caps the basalt.

The effect of contact baking immediately
beneath Priest Rapids basalt is shown by the develop-
ment of columnar jointing in clay overlying diatomite.
The columnar jointing in baked clay is best displayed
in the northeastern part of the project area where a
1=foot layer of clay is the lateral equivalent of the

diatomite.



The Quincy Diatomite Bed within the project
area thins away from the southwestern part of the
Quincy Basin and the western part of the Frenchman
Hills. To the east it is still present in the Drumheller
Channels where it ranges in thickness from 1 to 4
inches. [t crops out along an east-facing cliff north
of Goose Lake in the SWANWZ sec. 23, T. 17 N.,

R. 28 E., and also on the north side of a Priest Rapids
basalt outlier in the NWANWZ sec. 36, T. 17 N.,
R. 23 E. An exposure in a drainage ditch along the
Moses Lake-Stratford Road in NWZSW5 sec. 11,

T. 20 N., R. 28 E. (Grolier and Foxworthy, 1961)
shows the diatomite baked by the overlying Priest
Rapids basalt and lying on top of the Roza basalt.

The Quincy Diatomite Bed also occurs at
shallow depth in Adams County in the E3 sec. 25, T.
16 N., R. 30 E., where it was mined 50 or 60 years
ago. In 1941, Mackin (written communication, 1946)
examined this locality, now destroyed. He reported
that the diatomite was at least 6 feet thick and was
overlain by Priest Rapids basalt. The diatomite is
reported in many well logs as "silica.” Both the diat-
omite and its lateral equivalent of clay are useful
markers in the subsurface correlation of members of
the Yakima Basalt.

The lake or lakes in which the Quincy Diat-
omite Bed accumulated just prior to or during extrusion
of the Priest Rapids basalt must have been extensive.
Even where no diatomite occurs between Roza and
Priest Rapids basalt, a zone of pillows and palagonite
breccia as much as 10 feet thick characterizes the
base of the Priest Rapids basalt. Many trees were
engulfed by the advancing Priest Rapids flows. Pet-
rified logs or stumps, some of them upright, occur at
the base of the Priest Rapids basalt. Much of the pet-
rified wood found on the Saddle Mountains occurs at

this horizon.

Saddle Mountains Member

In the project area, the Saddle Mountains

Member may overlie or be intercalated in the Beverly
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Member of the Ellensburg Formation, or it may overlie
the Priest Rapids or Roza basalts. In turn, it is overlain
by sedimentary deposits of late Pliocene and Pleistocene
age in some parts of the area, or locally it is exposed
at land surface. The Saddle Mountains basalt wos named
by Mackin (1961, p. 26), based upon one flow exposed
at a type section near the east side of Sentinel Gap

on the south limb of the Saddle Mountains, in the

NW% sec. 23, T. 15 N., R. 23 E. However, all the
basalt flows above the Priest Rapids Member are now
considered part of the Saddle Mountains Member
(Bingham and Grolier, 1966, p. 12), regardless of
whether they overlie or are intercalated with the
Beverly Member of the Ellensburg Formation. Also
mapped as part of the Saddle Mountains Member are
individual flow tongues that were confined to shallow
valleys in the underlying lavas and sedimentary rocks.

Field observations indicate that many flows,
rather than a single flow, overlie the Beverly Member
south and east from Sentinel Gap. Well drillers' logs
show that the Beverly Member is discontinuous later-
ally, so that the Saddle Mountains basalt rests directly
on the Priest Rapids Member in the southern part of
the project area. The Saddle Mountains basalt is
petrochemically similar to the Priest Rapids basalt
(A. C. Waters, written communication, 1963), "and
there is no doubt that it represents a continuation of
the same great outpouring of basaltic lava as that
represented by the rest of the Yakima Basalt."

At its type locality, the Saddle Mountains
basalt is black, dense, very fine grained, and sparsely
porphyritic. The basalt part of the flow consists of
pillows with little or no palagonite. The pillow zone
is crowned by cavernous basalt 2 to 3 feet thick.

Away from the type locality, much of the
basalt is vesicular, regardless of whether it is black,
aphanitic and hackly, or light to dark gray and col-
umnar, or whether it consists of an agglomerate of
reddish, semiangular pebbles and cobbles. The vesicles
are commonly small—1 to 2 millimeters in diameter—
and spherical. One flow of the Saddle Mountains
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basalt, which underlies some of the lower hogbacks

on the south slope of the Saddle Mountains, is light
gray, slightly diktytaxitic, and contains small pheno-
crysts of olivine. Where the porphyritic Saddle Moun-
tains basalt was identified, it was distinguished from
the nonporphyritic flows of the member on the geologic
map of Grolier and Bingham (1971).

At the type area, the single Saddle Moun-
tains flow is about 90 feet thick. Elsewhere, however,
individual flows of Saddle Mountains basalt generally
are thin and probably do not exceed 50 to 75 feet in
thickness. The total number of flows probably in-
creases toward the center of the Pasco Basin. The
aggregate thickness of the Saddle Mountains basalt
increases rapidly southward from the Othello Channels
to the Snake River. The Saddle Mountains Member
probably is thickest in the southern part of the Pasco
Basin, where it may be 400 feet thick.

The Saddle Mountains basalt at its type area
is characterized by narrow splintery columns and hackly
jointing in the entablature of the flow. These features
are characteristic of at least three of the flows identi-
fied elsewhere.

The Saddle Mountains Member extends south-
ward from the southern limb of the Frenchman Hills
anticline and from the southem half of the Drumheller
Channels. The presence of only older basalts in iso-
lated outcrops east of the Drumheller and Othello
Channels indicates that the Saddle Mountains basalt
does not extend eastward under the clay of the Ringold
Formation that underlies Paradise Flats.

Basalt of the Saddle Mountains Member under-
lies the eastem two-thirds of the Royal Slope, and
both sides of the Saddle Mountains. From the southern
half of the Drumheller Channels south to the Snake
River, most of the basalt exposed along coulee walls
or in scabland channels is the Saddle Mountains basalt.
Porphyritic Saddle Mountains basalt may be the rock
exposed along the Snake River east of Martindale, in
secs. 20, 21, 22,15, T. 9 N., R. 31 E., and also
4 miles to the north, insecs. 31 and 32, T. 10 N.,

R. 31 E. At those places, the basalt contains large,
shattered, partly resorbed plagioclase phenocrysts
similar in appearance to those in the Frenchman Springs
basalt, and small transparent lath-shaped plagioclase
phenocrysts averaging 2 millimeters in length. Por-
phyritic basalt of similar lithology is exposed in sec.
25, T. 13 N., R. 29 E., and in the southern part of

a linear ridge trending N. 15° W, across scabland

from the NEZ sec. 14 into the NW% sec. 24, T. 13 N.,
R. 29 E.

Porphyritic Saddle Mountains basalt of another
type occurs in a borrow pit in the NWX sec. 12, T. 11
N., R. 30 E., a quarter of a mile east of Eltopia. At
this locality, small subangular fragments of unaltered
gray dense basalt are engulfed in a matrix of light-
gray, slightly porphyritic basalt that is partly granu-
lated and altered to clay. The phenocrysts consist of
lath-shaped plagioclase and are about 1 centimeter
long.

Saddle Mountains basalt is interfongued with
sediments of the Beverly Member at several places in
the west-central part of the project area. A flow rest-
ing on pumicite is exposed in NWZNEZ sec. 23, T.

15 N., R. 23 E., on the east side of the north-trending
ridge on which the type section of the Saddle Moun-
tains and Beverly Members are located. The northern
front of the flow abuts pumicite. The flow is over-
lapped by additional layers of pumicite. This flow is
not exposed in the pumicite quarry 0.25 mile to the
southwest, and probably does not extend there. Also,
the Saddle Mountains basalt interstratified with the
Beverly Member is exposed in two northeastward-trend-
ing synclines near the top of the Saddle Mountains

escarpment, east of Beverly (figs. 16 and 17).
In addition to the flood basalt flows, just

described, the Saddle Mountains Member also occurs
as narrow linear flow tongues. In the project area,
three flow tongues, the Warden-Othello, Cactus, and
Jericho flow tongues, have been recognized as con-
sisting of Saddle Mountains basalt. They all rest on
older members of the Yakima Basalt rather than being
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FIGURE 16.—Aerial view of north face of Saddle Mountains, looking southwest, showing two synclines
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cut by the fault scarp. Sharp syncline of figure 17 is in left foreground. (Grant County PUD

photo, 1960).

interstratified with the Beverly Member. The tongues
occur near the northern or eastem limits of the Saddle
Mountains basalt, where the lava that flowed up the
valleys eroded during the fime interval between the

extrusion of Priest Rapids and Saddle Mountains basalts.

The basalt in the flow tongues is black, fine
grained to aphanitic, predominantly hackly, and simi-
lar to the basalt that forms the entablature of the Sad-
dle Mountains flow at the type section.

The Warden-Othello flow tongue is a promi-
nent sinuous ridge 20 to 40 feet above the surrounding
scabland that extends for 12 miles from the NWZ sec.
29, T. 16 N., R. 29 E., near Owl Lake 2 miles
northwest of Othello (fig. 18), to the SW3 sec. 21,

T. 17 N., R. 30 E., 1-3/4 miles southwest of Warden.
Between the Drumheller Channels and the Warden
Channel, the Warden=-Othello flow tongue is con-
cealed by clay of the Ringold Formation, which under-
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FIGURE 17.—Aerial view of north face of Saddle Mountains, showing sharp syncline in Yakima Basalt
and interbedded Beverly Member. Extreme right end of caliche is deformed upward, similar to
the right limb of the syncline in the underlying sediments and basalt. (Grant County PUD

. photo, 1959.)

lies Jackass Mountain, and by glaciofluvial gravel etched out by late Pleistocene fluvial erosion.

of late Pleistocene age farther east. South of Warden, This sinuous ridge of basalt also has been
where this tongue disappears eastward under ashy silt, described as possibly a dike (Neff, 1962, p. 20~
it is approximately 500 feet wide. Because it is ob- 21).

scured by talus or swamps, the basalt contact of the The Cactus flow tongue is named after Cac~
tongue is nowhere exposed. The tongue is underlain tus, a Burlington Northern railway siding in Esquatzel
by Priest Rapids basalt northwest of Othello and Roza Coulee. The tongue is exposed on the north and south
basalt in the Warden Channel. Irregular marginal walls of Esquatzel Coulee in sec. 16, T. 13 N., R.

grooves, now partially filled with water, have been 31 E. Basalt of the Cactus flow tongue is black and
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FIGURE 18.—Aerial view looking north, showing Warden-Othello flow tongue trending northeast from
north end of Owl Lake, 2 miles northwest of Othello.

dense. The tongue forms a protrusion in the north

wall of Esquaizel Coulee, where it has been exten-
sively quarried. The columnar jointing displayed in
the tongue was described and illustrated by Campbell
and others (1916, p. 166, pl. 22-B), before quarrying
began. Fluvial erosion has accentuated the topograhic
expression of the tongue across the surrounding scab-
land, where it trends N. 15° W, for 4 miles from Old
Maid Coulee in the SW% sec. 22, T. 13 N., R. 31 E.,
to a point 2 miles north of Esquatzel Coulee, in the
NEX sec. 5, T. 13 N., R. 31 E. At the latter place,
the fongue disappears under slope wash and the Ringold
Formation. The Cactus flow tongue fills a channel,
500 feet wide and 150 feet deep, cut through one
Priest Rapids flow and into Roza basalt. The lateral
contact of the Cactus flow tongue against the Roza

basalt along the walls of the ancient valley cannot be

observed in cross section from Esquatzel Coulee, be-
cause the contact is obscured by slope wash. However,
the basal contact between the tongue and the Roza
basalt at the bottom of the ancient channel is exposed
in sec. 16, along the south wall of Esquatzel Coulee

a few feet above the coulee floor.
The Jericho flow tongue is exposed only in

cross section along the north wall of Jericho Coulee,
in the N& sec. 25, T. 16. N., R. 23 E., 2 miles
northeast of Beverly. It is three-quarters of a mile
wide, and 100 feet thick. Its base is concealed by
drifting sand and talus. The tongue consists of black
fine=-grained basalt with hackly jointings. At the
eastern end of the tongue it is in contact with colum-
nar basalt, probably of another Saddle Mountains
flow. The contact at the western end is covered by

fluvial gravel.
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Beverly Member of the

Ellensburg Formation

In the project area, the Ellensburg Formation
is represented only by the Beverly Member, which is
named for the town of Beverly.

The type locality of the Beverly Member is
on the east side of Sentinel Gap on the south slope of
the Saddle Mountains, insecs. 23 and 24, T. 15 N,,
R. 23 E. There, the member consists of beds of
quartzite=bearing conglomerate, pumicite, and tuf-
faceous sand, silt, and clay. The conglomerate and
pumicite make up more than 50 percent of the member
at its type locality. Elsewhere, the sedimentary rocks
in the Beverly Member may include basaltic fanglom=-
erate and grit, as well as conglomerate, pumicite,
and tuffaceous sand, silt, and clay. The individual
facies referred to above were not mappable at the
scale of the geologic map of Grolier and Bingham
(1971).

The age of the Beverly Member is uncertain,
because only a few fossil fresh-water mollusks and
fossil leaves were found in 1958 during excavation
work at the site of Priest Rapids Dam, about 9 miles
south of the type locality. The mollusks occurred in
a light-gray poorly consolidated siltstone. According
to D. W. Taylor of the U.S. Geological Survey (writ-
ten communication, 1962), the mollusks consisted of
the fresh-water clam, Ancdonta and the fresh-water
snail Bellamya n. sp. Taylor states that "the collection
at locality 22683 includes the same extinct species of
Bellamya [found in faunal assemblages at four other
localities in eastern Washingtonl. The occurrence of
Coretus [in one of the other four collections] tends to
suggest an age no younger than middle Pliocene. |
do not believe a precise age assignment is warranted,
nor can one even dafe the collections as Miocene vs.
Pliocene. Probably they are all from the same time
interval—early Pliocene, for example, or late Mio-

cene, or very late Miocene to earliest Pliocene."

Conglomerate

Conglomerate of the Beverly Member is
restricted fo the vicinity of the type locality. It thins
to extinction in less than 3 miles east of the Sentinel
Bluffs, on the south slope of the Saddle Mountains.
The conglomerate consists of beds of well-rounded,
commonly elongate pebbles and cobbles. Quartzite
and felsite porphyry are the most distinctive compon-
ents; these, along with basalt, agate, and granitic
and metamorphic rocks, are commonly embedded in
a tuffaceous sand matrix. Two of the lower conglom-
erate beds at Sentinel Bluffs are composed predomi-
nantly of basalt pebbles.

A thin bed of very coarse, stratified sand,
consisting of milky white and yellow quartz grains,
between the Priest Rapids Member and the Saddle
Mountains Member in the central and eastern part of
the Saddle Mountains probably is the lateral equiva-
lent of the conglomerate. This sand is exposed at the
mouth of a northward-trending gulley in the SW3 sec.
22, T. 15 N., R, 24 E.; in a notch on the crest of
the ridge at the western end of the Corfu landslide,
in the SEXNWZ sec. 16, T. 15N., R. 27 E.; ona
small peak in the NEXSWZ sec. 12, T. 15 N., R. 26
E.; and on the crest east of the W corner sec. 14,
T 15 Ny, R 27 E

Two small exposures of the conglomerate are
also found in the westem part of the Othello Basin.
Open-work quartzite gravel resting on the Priest Rapids
basalt underlies two small knobs on a scabland bench
in Jericho Coulee, south of the W% comer sec. 28,
T. 16 N., R. 24 E. The gravel there consists of
quartzite, basalt, and agate pebbles cemented with
a crystalline carbonate that partially fills the voids
between the pebbles. Foreset beds in the gravel dip
eastward. Another exposure of felsite porphyry peb-
bles and a very few quartzite and agate pebbles of
smaller size, embedded in a fine tuffaceous sandstone,

occurs on the west side of the road at the base of a



cliff of basalt at the junction of Red Rock Coulee and
Natural Corral, in the SWZNWZ sec. 17, T. 16 N.,
R. 26 E. A thickness of about 43 feet is exposed,
and the base of the conglomerate is hidden by talus.
The overlying basalt appears similar to Priest Rapids
basalt, and the conglomerate thus may be stratigraph-
ically lower than that of Sentinel Gap.

A loosely consolidated gravel consisting of
highly polished, red-stained, typically elongate peb-
bles and cobbles of quartzite and lamprophyre porphyry
in a friable quartzose and micaceous sand matrix is
exposed in the NEZSEZ sec. 11, T. 14 N., R. 29 E.
The outcrop lies in the Othello Channels, in a trench
that contains a siream between two of the Eagle Lakes.
This conglomerate is about 10 feet thick, and contains
few or no basalt pebbles. Because of its position
between the Priest Rapids and Saddle Mountains
Members, it is correlated with the Beverly Member.

Logs of a few wells at scattered points in
Franklin County suggest that a conglomerate equiva-
lent to that of the Beverly Member may occur beneath
basalt, where it was deposited by ancient shifting
streams. The extent or direction of the channels
recorded by this conglomerate cannot be determined

with present data.

Pumicite

Pumicite is the most distinctive and perhaps
the most laterally persistent lithologic unit of the Bey-
erly Member. It consists almost entirely of volcanic
glass shards, arranged in layers, many of which con-
tain ripple marks. lts occurrence at Sentinel Bluffs
in the upper part of the Beverly Member has been
described by Twiss (1933), Carithers (1946), Mason
(1953), and Mackin (1961).

Throughout its known area extent, the pumi-
cite in the Beverly Member contains layers of spherical
accretionary lapilli, termed chalazoidites. Such

lapiili from pumicite sampled at the Sentinel Bluffs
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have been described by Moore and Peck (1962, p. 184~
185, 187, fig. 1, pl. 2, and table 1).

Perfect sorting of the pumicite and the
gradual decrease in the size of the glass shards east-
ward from Sentinel Bluffs support many observers'
conclusions that the pumicite was airborne and origi-
nated from the west. The lateral gradation in grain
size is not easily detectable over a short distance in
the field, but is conspicuous when pumicite sampled
at Sentinel Bluffs is compared with that obtained from
hogbacks south of the Smyma Bench.

The effects of contact metamorphism are more
pronounced af the contact of the pumicite and overly-
ing Saddle Mountains flows than at any other strati-
graphic level in the project area where sedimentary
rocks underlie basalt. In many places, the pumicite
underlying the Saddle Mountains Member is baked to
the color and hardness of a red brick for several feet
below the contact, and columnar jointing in it is well
developed.

Pumicite is exposed at many localities on
the slopes of the Saddle Mountains. In the small north-
trending synclines in secs. 3and 4, T. 15 N., R. 24
E., pumicite in the Beverly Member is directly over-
lain by basalt (figs. 16 and 17). In the larger north-
east-trending syncline insec. 2, T. 15 N., R. 24 E.,
pumicite is underlain by a grit and fanglomerate of
angular to subangular basalt pebbles and grains that
are of Roza and Priest Rapids lithology.

Pumicite and tuffaceous silt and clay inter-
stratified with basalt crop out discontinuously along
some of the lower hogbacks on the north and south
flanks of the Saddle Mountains as far east as R. 27 E.
They also occur within large slumped blocks in the
Corfu landslide.

Pumicite, probably at the stratigraphic level
of the Beverly Member, also occurs in the Snake River
canyon. Prior to the filling of Sacajawea Lake, pumi-
cite was exposed in railroad cuts along the old right-

of-way of the Spokane, Portland, and Seattle Railway.
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In the SEZ sec. 5, the NWX sec. 8, and in secs. 7
and 18, T. 9 N., R. 32 E., layers of pumicite 4 to
5 feet thick are interbedded with a coarse tuffaceous
sand and clay 20 to 30 feet thick.

Tuffaceous Sand, Silt, and Clay

Layers of tuffaceous sand and white to buff
silt and clay are interbedded with the conglomerate
and pumicite at Sentinel Bluffs. Brown tuffaceous
sand, silt, and clay occur principally in the deepest
part of the two northeast-trending synclines at the top
of the Saddle Mountains escarpment, in secs. 2 and 4,
T. 15 N., R. 24 E. Immediately east of a sharp syn-
cline that terminates the western limb of the eastern
and larger syncline, extremely slickensided black
clay, lying on the Saddle Mountains Member, is
itself overlain by a brown tuffaceous sand containing
scattered yellowish-orange quartzite pebbles. In the
largest northeast-trending syncline, the sedimentary
rocks overlying the Saddle Mountains Member are
about 200 feet thick and are slightly discordant with
the syncline. The presence of Roza and Priest Rapids
basalt pebbles in the grit underlying the tuffaceous
sand indicates that the sand unconformably overlies
older units around the margins of the synclinal basin.

The Beverly Member is considered to be
intertongued with the Saddle Mountains Member in
the two northeast-trending synclines on the north scarp
of the Saddle Mountains, so that a part of the Beverly
Member appears to overlie basalt. The validity of
this interpretation depends upon the eventual correla-
tion of the Saddle Mountains basalt flow on the north
scarp with the flow on the southern limb of the Saddle
Mountains anticline insec. 24, T. 15 N., R. 23 E.
If, conversely, the flow in the north scarp were
eventually correlated with the flow that overlies the
Beverly Member at the type section, the question
would arise as to whether the uppermost sedimentary

rocks in the north scarp belong to the Ringold Forma-

tion rather than to the Beverly Member. As a general
rule, both the Beverly Member and the Ringold Forma-
tion are disconformable over basalt near the troughs

of the synclinal basins and their distinction could not
always be made satisfactorily in this vicinity.

Beds of brown tuffaceous sand or buff silt
and clay occur in the approximate stratigraphic posi-
tion of the Beverly Member at other localities in the
project area. For example, tuffaceous silt and clay
underlie a flow tongue of Saddle Mountains basalt
along the east bank of the Columbia River about 2,000
feet downstream from Priest Rapids Dam, in the SEJ
sec. 2, T. 13 N., R. 23 E. Discontinuous outcrops
of tuffaceous silty clay of the Beverly Member also
occur along the loess=mantled western scarp of the
Drumheller Channels. One of the outcrops is in a
roadcut in the SEX sec. 4, T. 16 N., R. 28 E., where
the uppermost foot of a bed of tuffaceous clay, baked
at the contact with the overlying basalt, is exposed
at road level. The base of the clay is not exposed.
The basal part of the overlying basalt there consists
of a spectacular 30-foot exposure of pillows and pa-
lagonite. Another exposure is on a small pinnacle
near the west margin of the Drumheller Channels, in
the SEZSWZ sec. 9, T. 16 N., R. 28 E. The sedi-
mentary rocks at this locality are about 30 feet thick
and are capped by basalt. They consist of three layers
of sand, which exhibit an upward gradation from fes-
tooned crossbedding to horizontal lamination, and a
gradual upward decrease in grain size. The mineral
constituents include quartz, feldspar, glass shards,
basalt, and heavy mineral grains mixed with well-
rounded granules of pumice.

The two outcrops in the Drumheller Channels
described above are the surface exposures of a sedi-
mentary bed that is interstratified with basalt under
the eastern half of the Royal Slope, where it is re=
ported at depth in many drillers' logs as far west as
Royal City and as far north as the line of subdued
hogbacks in the SEX T. 17 N., R. 27 E., and the SWX



T.17 N., R. 28 E. These silt~-mantled hogbacks are
underlain by Saddle Mountains basalt that in tum

overlies the Beverly Member in the Drumheller Chan~-
nels exposures described above. The uppermost sedi-
mentary bed within the basalt, as reported in logs of
wells located on the Taunton Bench and under the

terrace at Othello, probably is a part of the Beverly
Member.

f the Flows

Offlap Relationship

An offlap relationship exists away from the
plateau margin, each succeeding flow not generally
extending beyond the limits of previous flows. Sev-
eral factors that provide evidence for the offlap are
as follows:

1. The basalt flows that are stratigraphically
the highest occur south of the Frenchman Hills. Their
outcrop pattern is due mainly fo the centrally directed
dip toward the Pasco Basin.

2. The number of flows that make up the
Saddle Mountains Member diminishes northward; two
are thought to extend onto the Royal Slope and one
to the crest of the Frenchman Hills.

3. A decrease in the number of flows also
occurs in the Priest Rapids Member in the northwestern
part of the project area. However, the presence of

four Priest Rapids flows in the Bacon syncline, at the

SOUTH
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extreme northern part of the project area (W. E.
Walcott and G. E. Neff, 1950, p. 4, unpublished
U.S. Bureau of Reclamation report), indicates that
the margin of the subsiding basin was still north of
this area during Priest Rapids fime.

The primary cause of the offlap (fig. 19)
between flows is presumably the contemporaneous
subsidence of the lava field and extrusion of the flows.
However, it also is possible that the exhaustion of the
lava supplying a particular flow limited its extent,
or the uneven subsidence of the lava field caused
thinning or nondeposition of flows locally. This may
explain conditions along the east side of the project
area, where one Priest Rapids flow is present near
Connell, none are exposed near Lind Coulee, and
four are present in the Bacon syncline. Another ex-
planation is that the flows may merely have decreased
in extent upward and the subsidence of the Pasco Basin

came later.

Variation in Thickness of the Flows

The impression gained from field observation
is that the thicknesses of some flows decrease away
from the central part of the project area. For example,
the thickness of the Priest Rapids Member at Wahatis
Peak on the Saddle Mountains is estimated to be about

300 feet, whereas the measured thickness at Priest

FEET

2 3 MILES

FIGURE 19.—Diagrammatic section showing the apparent regional unconformity due to offlap of individual
basalt flows. Ty, Yakima Basalt, undifferentiated; TQrl, Ringold lacustrine clay and silt.
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Rapids Dam is 220 feet (Mackin, 1961, p. 23). A
decrease in overall thickness of the Priest Rapids,
Roza, and Frenchman Springs Members is noticeable
between Drumheller Channels and the extreme northern
part of the project area. This change may be due
either to the absence of one or more flows that never
extended that far, or to a decreasing thickness in the

individual flows themselves, or to both.

Directions of Lava Movement

One of the criteria used to determine the
direction of flow in basalt is primary foreset bedding
developed in pillow-palagonite complexes in the basal
part of the flow (Waters, 1960, p. 361, pl. 2). In
the project area, pillow-palagonite complexes are
best developed in the basal part of at least two flows
within the lower basalt, two flows in the Frenchman
Springs Member, and several flows in the Priest Rapids
Member.

The pillows and palagonite stringers in the
basal part of the Sentinel Gap flow (Frenchman Springs
Member), in the NW% sec. 28, T. 17 N., R. 23E.,
are arranged in foresets that dip northward when
viewed normal to the strike of the flow on the east
wall of the Columbia River canyon (Mackin, 1961,

p. 16, pl. 3). The same northerly dip in foreset layers
of pillows occurs in the pillow=palagonite complexes
of the other basalt flows mentioned above, even in

the extreme northeastem part of the area. This obser-
vation indicates that many, if not all, of the flows
originated to the south. Obviously, then, the regional
component of dip of the flows toward the Pasco Basin

is not primary, but is due to post-extrusion subsidence
centered in the Pasco Basin.

PLIOCENE AND PLEISTOCENE
RINGOLD FORMATION

The term Ringold Formation was first used
by Merriam and Buwalda (1917, p. 260) to name strata

exposed in the White Bluffs, which extend for 30 miles
along the east bank of the Columbia River north of
Pasco. The formation, of Pliocene and Pleistocene
age, consists of four principal lithologic units or litho-
facies. These are brown tuffaceous sand and silt; a
quartzite-bearing conglomerate; buff laminated clay,
silt, and fine sand; and a basaltic fanglomerate. All
four lithofacies are interbedded or intertongued.

Only three of the principal lithofacies occur
in the White Bluffs, and they have been described
there by Newcomb (1958, p. 328-340). The basaltic
fanglomerate occurs only around the margins of syn-
clinal basins, where uplift and erosion of the basalt
substratum were greatest. The north-facing cliffs of
the Smyrna Bench, where typical exposures of the
basaltic fanglomerate occur, are here proposed as
the type locality of the fanglomerate.

The fossils collected by Merriam and Buwalda
(1917, p. 257 and 261) indicated a Pleistocene age
for sediments exposed in the White Bluffs, based on a
mammalian fossil assemblage. The fossils collected
by Strand and Hough (1952, p. 154) were determined
as middle or late Pleistocene in age.

Fossil mollusks and ostracods have been col-
lected at three localities and identified as Pliocene
to late Pleistocene by D. W. Taylor and I. G. Sohn
of the U.S. Geological Survey (written communica-
tion, 1962 and 1959, respectively).

The nature of the contact between the Ring-
old Formation and the underlying basalt is of consid-
erable interest in determining the relative ages of
the Ellensburg and Ringold Formations. As suggested
by Brown and McConiga (1260), "The indicated com-
position, sequence, continuity, and thickness of the
beds do not indicate an unconformity of consequence
or other significant change to distinguish the post-
basalt sediments from the interbasalt sediments (the
Ellensburg(?) Formation)." Also, the writers have
found that the lower parts of both formations are
nearly concordant over basalt in the center and flanks

of the structural basalt basins in eastern Washington.



At the type locality along the White Bluffs,
the basal part of the Ringold Formation is nowhere
exposed, so that the nature of the contact can only
be deduced from indirect evidence. Drillers' logs of
two wells (12/28-24N1 and 13/27-14R2) on sloping
terraces near the base of the White Bluffs—between
the bluffs and the Columbia River—indicate that clay,
silt, sand, and gravel extend downward 200 to 300
feet to basalt. The grain size and the lithology of
these subsurface sedimentary rocks are shown by drill
cuttings to be similar to those of the Ringold Formation
exposed in the bluffs. This similarity, as well as an
inferred stratigraphic continuity, has led Newcomb
(1958, p. 330, 335) to extend the Ringold Formation
at the type locality downward to basalt—a view shared
by Brown and McConiga (1960, p. 51).

The caliche capping the Ringold atop the
cliffs stands at an altitude of about 9200 feet, whereas
basalt in well 13/27-14R2 was penetrated at an alti-
tude of 95 feet; thus, the total thickness of the Ringold
Formation resting on basalt near this well is about 800

feet.

SOUTHWEST
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Saddle Mountains basalt is exposed in the
floor of Ringold Coulee, about 5 miles northeast of
its mouth, in the SWASEX sec. 21, and also in the
S} sec. 28, T. 13 N., R. 29 E., at altitudes of 650
and 580 feet, respectively. There, the contact be-
tween the basalt and the overlying Ringold Formation
is concealed by talus and fluvial gravel. Neverthe-
less the dip of the Yakima Basalt surface in Ringold
Coulee is southwesterly (Walters and Grolier, 1960,
pl. 3), and a slight disconformity exists between the
Yakima Basalt and the Ringold Formation (fig. 20).
An 8-foot bed of red silt that occurs high in the Ring-
old Formation near the top of the White Bluffs has
been traced 5% miles up Ringold Coulee by Brown and
McConiga (1960, p. 44-45, 47, figs. 1-3). The red
marker bed dips southwestward at 10 feet per mile,
whereas the underlying basalt slopes in the same di~
rection at 74 feet per mile (Appendix V), the differ-
ence of less than 1° is imperceptible. Likewise along
the flanks of anticlinal folds where the Ringold Forma-
tion dips as much as 20°, the slight discordance is

not noticeable.

NORTHEAST

Red marker bed ( TQrs)

7504

White Bluffs

FEET

12___IMILE

FIGURE 20.—Diagrammatic section showing unconformable relationships along Ringold Coulee. Tys,
Saddle Mountains Member; TQrl, Ringold lacustrine clay and silt; TQrc, Ringold conglomerate;

TQrs, Ringold tuffaceous sand; Qa, alluvium.
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+ R.-2TE R.28E. R.29E. R.30E.

EXPLANATION

ﬁ Outcrop of conglomerate, with approximate altitude
of top, in feet above mean sea level.

Well used for control; no conglomerate recorded in
®  griller's log.

Upper number is altitude of conglomerate top in feet
35.‘-?5 @  cbove mean sea level; lower number is alfitude of
! conglomerate base, in feet above mean sea level

==?m= Inferred limits of conglomerate
=== Contour drawn on top of conglomerate
——— Contour drawn on base of conglomerate

Contours are dashed where approximately located,
Interval is 50 feet. Datum is mean sea level
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FIGURE 21.—Outcrops, subsurface extent, and structure of the Ringold conglomerate in southwestern
Franklin County. (Interpretations based on drillers' lithologic logs.)



The lack of a widespread erosional interval
either between the basalt and the Ringold beds or be-
tween the individual Ringold beds themselves at or
near the type locality suggests that the disconformity
mentioned above actually is a structural discordance,
rather than erosional. Support for structural control
is offered by Brown and McConiga (1960, p. 53) who
state that "The gradual general decrease in dips up~
ward in the Ringold section favors essentially continu-
ous deformation . . . during the period of deposition."

The Ringold conglomerate facies probably
was originally a part of an alluvial plain that had a
gradient southward along the White Bluffs. With this
assumption and those offered in the preceding para-

graph, the contours on figure 21 provide additional
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evidence of structural deformation of the Ringold
Formation. The contours on the top and bottom of
the conglomerate facies show that it was deformed
primarily during deposition but also, to a lesser de-
gree, after deposition. The contours on the bottom
of the conglomerate, as represented by the (fine=line)
400~-foot contour on figure 21, indicate that deforma-
tion in the form of four westward=plunging noses
occurred largely before the final deposition of the
conglomerate. Deformation continued after the
last deposition of the unit, by the uplift of a
broad area between the mouth of Ringold Coulee
and the south end of the White Bluffs, as well

as by amplification ond extension of the small

tight structure just east of Ringold. The contours

I/2 MILE

FIGURE 22.—Diagrammatic sections across (A) Potholes Coulee and (B) Lind Coulee near Providence,
showing unconformable relationships. Tyl, lower Yakima Basalt (flows below the Vantage
Sandstone Member); Tyv, Vantage Sandstone Member; Tyf, Frenchman Springs Member; Tyr,

Roza Member; Typ, Priest Rapids Member;

TQrf, Ringold fanglomerate; TQrl, Ringold lacus-

trine clay and silt; TQrs, Ringold tuffaceous sand; Ql, loess; Qg, &, Qa, fluvial gravel and

sand (Flood deposits) and alluvium.
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show that, at present, the overall structure has an
amplitude of more than 120 feet and a plunge of more
than 150 feet westward.

The nature of the contact between the
Ringold and underlying basalt is far different from
this structural discordance at many locations away
from the central parts of the Pasco Basin. One situa-
tion is an apparent angular unconformity between the
Ringold and the underlying basalt (fig. 19). The con-
tact of the Yakima Basalt and the Ringold Formation
(regionally, not at the scale of a small basin) is a
gap in rock sequence due to missing flows.

The second type of Ringold-Yakima Basalt
contact away from the central Pasco Basin is indicated
by an erosional unconformity. Deep valleys (repre-
sented by coulees like Sand Hollow, Lind, and Wash-
tucna) that were cut through several members of the
Yakima Basalt were ponded and became the sites of
lacustrine deposition, with the result that the buff
laminated clay or the brown tuffaceous sand facies of
the Ringold Formation, in places, unconformably over-
lies successive members of the Yakima Basalt (fig. 22).
An erosional unconformity also exists at the contact
between the brown tuffaceous Ringold sand and the
Yakima Basalt.

Many stratigraphic sections of the Ringold
Formation have been measured or estimated along the
White Bluffs by previous workers (Calkins, 1905, p.
35-36; Merriam and Buwalda, 1917, p. 261; Glover,
1941, p. 90-92; Newcomb, 1958, p. 331-333, and
written communication, 1963). In some of these sec-
tions, the total thickness of sand, silt, and clay ex-
ceeds 500 feet. The present writers believe that the
gravel, sand, and silt of late Pleistocene age that
overlies the Ringold Formation in places along the
White Bluffs has been erroneously identified as part
of the Ringold in a few of these sections. This is
because many beds of late Pleistocene age that are
concealed by soil, slope wash, or alluyium have been

mistakenly included in the measured sections. There-

fore, an exposed thickness of the Ringold Formation
as great as 500 feet at any one locality along the
bluffs is doubtful.

Merriam and Buwalda (1917, p. 263) thought
that "the Ringold Formation was deposited in a basin
the walls of which were essentially the Yakima Range
on the west, the Saddle Mountains on the north, and
the lava plateaus on the east and south." They also
said (p. 264), "It is prochfe that this formation origi-
nally extended up through the gap which the Columbia
has cut across the Saddle Mountains, and that it was
deposited over areas north of that range." Later,
Culver (1937, p. 57-58) traced the Ringold "to Esquat-
zel Coulee in the vicinity of Eltopia and northward
near Connell." He also stated (p. 58) that deposition
of the Ringold Formation "extended northward past
Othello and beyond Moses Lake . . .

lations and observations of these early workers have

." The postu=

been supported by Taylor (1948, pl. 1), and by our
field data.

The buff laminated clay and silt facies in
the project area is largely limited to the Pasco,
Quincy, and Othello Basins. Other basins on the
basalt surface outside the project area, both to the
north and to the east, probably received lacustrine
deposits also, but not necessarily from the same source.

The brown tuffaceous sand facies is wide-
spread within the project area, and beyond the pro-
ject area in all directions. As a very fine sand and
silt, it extends well beyond the project area to the
east. At the White Bluffs, the massive beds of brown
tuffaceous sand are, in places, interstratified with
lacustrine deposits consisting predominantly of buff
laminated clay. The Ringold sections exposed on the
Smyrna and Corfu Benches show that basinward inter-
fingering of the brown tuffaceous sand, buff laminated
clay, and basaltic fanglomerate facies occurred pri-
marily in the southern part of the Othello Basin. To
the north, on the Royal Slope, 4 or 5 miles north of
the benches, only buff laminated clay is exposed.



The quartzite-bearing fluvial conglomerate facies
apparently is limited to the Pasco Basin. The basaltic
fanglomerate facies is associated with piedmont slopes.
For example, it occurs along some of the steep slopes
of the Saddle Mountains, the Beezley Hills, and in
one place along the valley wall of Lind Coulee near
Providence.

Where the Ringold Formation was channeled
by melt-water streams in late Pleistocene time, or
otherwise dissected, its upper boundary is an erosional
unconformity beneath glaciofluvial and Holocene
eolion deposits. Where the Ringold Formation was
not channeled, it is capped by a layer of massive
caliche. This caliche layer is the youngest of many
such layers that occur repeatedly, although less promi-
nently, throughout the Ringold section.

The caliche is chiefly a mixture of calcium
carbonate and silica and contains minor amounts of
iron and manganese oxides. It accumulates over a
long time interval at land surface or a few feet below
it, under an arid or semiarid climatic regime. It oc-
curs either as a white thin coating on the underside
of, or around, rock particles of any size, or as a firm
cement that binds particles of silt, pebbles, and even
boulders into hard rock. In places, the two types of
caliche grade into one another. Price (1940, p. 1939),
who has studied caliches in the southwestern United
States, has named the first type an "outcrop-cementa-
tion" caliche, and the second a "plateau-blanket"
caliche.

Outcrop-cementation caliche is of relatively
minor importance in the project area. It occurs prin-
cipally in fluvial gravel of late Pleistocene age and
is briefly described in a later section of this report.
Plateau-blanket caliche, on the other hand, forms
the caprock, as thick as 20 feet, that overlies the
brown tuffaceous sand, the buff laminated clay, the
conglomerate, or the fanglomerate facies of the Ring=
old Formation. The caprock is an important marker

horizon, because it can be traced and identified
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easily throughout much of the area.

Hypotheses for the origin of caliche fall
within three main groups (Bretz and Horberg, 1949,
p. 507): (1) Deposition with a surface-water body
through chemical or biochemical processes; (2) depo-
sition near the ground surface due to the ascending
movement and evaporation of ground water; and (3)
deposition at the base of the B soil horizon through
leaching of pedocall/ soils by descending water
(illuviationg/). In the central part of the three pro-
ject-area basins, where the Ringold Formation consists
predominantly of laminated silty sand and clay, the
massive plateau-blanket caliche caprock represents
an evaporite or duricrust3 . In the upland parts of
the project area, plateau-blanket caliche forms many
layers and caps the fanglomerate and brown tuffaceous
sand of the Ringold Formation. The third hypothetical
process cited above probably was dominant in the ac=
cumulation of caliche on the upland. The varying
thickness of sand between any two layers of caliche
shows that the balance between soil aggradation,
weathering, and soil erosion shifted many times for
long and short intervals. At places, soil aggradation
at land surface accelerated enough so that the corre-
sponding fime interval within the caliche zone is
represented by uncemented material. In contrast,
the presence of small solution cavities in caliche,
filled with sand, may be evidence of a degrading

soil profile at the time of caliche deposition.

1 . . o ; i

V/ Soil of arid or semiarid region, enriched
in lime, which accumulates in regions of low tempera-
ture and rainfall and prairie vegetation.

Y The deposition in an underlying layer of
soil of colloids, soluble salts, and small mineral par-
ticles which have been leached out of an overlying
soil layer. The action occurrs in humid climates.

3/ The case-hardened crust of soil formed
in semiarid climates by the precipitation of salts at
the ground surface as the ground water evaporates.
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The caliche caprock represents a time inter-
val during which all processes of aggradation were
greatly reduced. After the caliche had accumulated,
sufficient time elapsed for the caliche cap to become
dissected and discontinuous, and for a drainage net-
work to develop on the Ringold Formation. The now
discontinuous caliche caprock of the Ringold Formation
represents a long time break—specifically, the time
required for its accumulation, plus that required to
lower base levels, permitting dissection of the caliche.
In this situation, the apparent conformity of Ringold
beds, caliche caprock, and overlying glaciofluvial
deposits or loess on the interfluves is coincidental,
and cannot be taken as positive evidence of the lack
of a time break in deposition or an erosional uncon-
formity.

Although impervious when first exposed to
water, the caliche is readily dissolved by circulating
water (G. E. Neff, written communication, 1959).
Karst topography, which is known to develop on ca-
liche (Price, 1940, p. 1938), has not been definitely
identified in the project area. Nevertheless, a few
closed depressions on Paradise Flats, in T. 15 N.,

Rs. 30 and 31 E., and on the Royal Slope north of

Natural Corral, insec. 9, T. 16 N., R. 26 E., may
owe their origin not only to deflation of silt and sand
overlying caliche, but to solution sinks in the caliche

as well.

Brown Tuffaceous Sand

At a place in the vertical cliff along the
north bank of the Columbia River, in sec. 2, T. 14
N., R. 26 E., Calkins (1905, p. 35-36) measured a
stratigraphic section that contained beds of "red sand-
stone and terra cotta silt." These and rocks of similar
appearance and lithology are referred to as "brown
tuffaceous sand" throughout the present report. Bryan
(1927, p. 26) concluded that the sand (which he de-
scribed as "finely laminated gray-brown silt") was

water-laid, based on exposures along the old state

highway between Lind and Connell, in the SEZ sec.
20, T. 14 N., R. 32 E. The sand occurs there in the
upper part of the bluffs and is capped by caliche.

The lower contact is hidden by drifting sand. The
brown tuffaceous sand probably overlies the buff lami-
nated clay exposed in the roadcut a quarter of a mile
west and in a new roadcut along U.S. Highway 395
in the SEX sec. 19, T. 14 N., R. 32 E., away from
the base of the bluffs.

The brown tuffaceous sand facies in the pro-
ject area is similar to the soil substratum described by
Bryan (1927, p. 28) in a roadcut immediately west
of the railroad siding at Fishtrap, 25 miles southwest
of Spokane (east of the project area). Bryan (1927,
p. 44) called this substratum the basal part of the
Palouse loess. The substratum lies beneath the light-
colored loess that forms the so-called inner core of
the Palouse Hills. A. C. Waters (written communica-
tion, 1961), who has studied the Palouse loess sheets
petrographically, recognized several stratigraphic
units. The basal unit is reddish brown and locally
indurated, resembling a soft brick.

In this report, where the field identification
of rocks was based solely on megascopic characteristics,
a layer-by-layer correlation of the brown tuffaceous
sand underlying the uplands with the sand intercalated
in the buff laminated clay at or near the White Bluffs
was not possible.

The sand facies consists of compact to loosely
consolidated tuffaceous debris wherever exposed in
the eastern and northern uplands as well as at the type
locality along the White Bluffs. The sand is massively
bedded at most localities, though massive and thin-
bedded layers alternate in the upland east of lower
Esquatzel Coulee, in Franklin County.

The vertical, somewhat prismatic parting in
the layers of the sand, and the massive bedding, both
of which are the structural characteristics of loess,
Root casts of

caliche and calcareous nodules and tubules oceur in

suggest a primary eolian deposition.

many exposures.



The brown tuffaceous sand contains a paleo-
soll/ or a succession of paleosols, as indicated by the
many caliche layers (some of which may have devel-
oped at the base of the B horizon), by calcareous
concretions—interpreted as root casts—and by burrows
of small rodents.

At many places, the brown tuffaceous sand
facies lies unconformably over the Yakima Basalt. In
the western part of the Quincy Basin, at the head of
Crater Coulee, the sand unconformably overlies the
Roza Member. In the scabland south of the Potholes
Coulee, and in the northeastern part of the Drumheller
Channels, it is unconformable over both the Roza and
the Priest Rapids Members (fig. 22A). In the vicinity
of Warden, it is unconformable over the Frenchman
Springs Member.

Reworked brown tuffaceous sand and silt was
interfingered with the buff laminated clay facies in a
nearshore environment as seen in a railroad cut 5 miles
southwest of Warden, in the NWZ sec. 1, T. 16 N,
R. 29 E., and in the north-facing bluff of the Smyrna
Bench.

Reddish-brown massively bedded sand similar
to that in the White Bluffs is overlain by typical buff
laminated clay in a roadcut 2 miles north of Othello,
in the NW% sec. 27, T. 16 N., R. 29 E. The base
of the sand is not exposed, but probably rests on the
Saddle Mountains Basalt Member.

Brown tuffaceous sand is overlain by buff
laminated clay in the walls of Lind Coulee, a short
distance west and east (fig. 23) of the State Highway
17 bridge. Two miles downcoulee from the bridge,
in the SW% sec. 3, T. 17 N., R. 29 E., the sand
rests unconformably atop the Roza Member.

The brown tuffaceous sand facies also under-
lies extensive areas along the western and southwestern
margins of the Quincy Basin. East of the Drumheller

and Othello Channels, the sand crops out in gullies

174 Buried soil horizon of the geologic past.
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FIGURE 23.—Brown tuffaceous sand (darker sediments
near base of wall) and overlying lacustrine
clay of Ringold Formation, in south wall of
Lind Coulee, 500 feet east of Highway 17
in NEZNEZ sec. 35, T. 18 N., R, 29 E.
(U.S. Bureau of Reclamation photo.)

east of the areas underlain by buff laminated clay.

The sand also occurs high along the slopes of ridges
like the Frenchman Hills and the Saddle Mountains
and even along the crests where not removed by erosion.
Examples of this type of occurrence are the roadcut
exposures south of Low Gap Pass on the Frenchman
Hills, in the NWNEZ sec. 13, T. 17 N., R. 24 E.,
and those in the S% sec. 32, T. 15 N., R. 29 E., near
the eastern end of the Saddle Mountains. The sand
also underlies the upland in the eastern and northern
parts of the project area, where it has not been
removed by erosion. Exposures are rare because it

is covered by younger loess. Most of the exposures
were too small to be mapped at the scale of the
geologic map of Grolier and Bingham (1971). They
are restricted mostly to roadcuts and, more rarely, to
the steep slopes of melt-water channelways and gullies.
A few of the best localities are: (1) the northern edge
of an alcove a quarter of a mile southeast of Black
Lake in Black Rock Coulee, in the SWANE] sec. 3,

T. 20 N., R. 29 E. (at this locality, the brown sand,
several feet thick and capped with caliche, overlies
the Priest Rapids Member); (2) the roadcut along State
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Highway 26 a quarter of a mile west of Providence
Coulee; (3) roadcuts along the north slope of Dunnigan
Coulee, in secs. 23 and 24, T. 13 N., R. 33 E.;
(4) a roadcut on the Moses Lake-Stratford Road, in
the NW} sec. 11, T. 20 N., R. 28 E. (Grolier and
Foxworthy, 1961); and (5) a roadcut in the south-
westem part of the Quincy Basin, at the head of a
gully in the SWINWZ sec. 33, T. 18 N., R. 23 E.
Except for its being coarser grained, the brown sand
in these outcrops is similar to the loess rock at Fish—
trap (in eastern Lincoln County) described by Bryan
(1927, p. 28).

The accumulation of the brown tuffaceous
sand facies in eastern Washington doubtless occurred
at repeated intervals of geologic time. Because of its
widespread geographic distribution, the eolian sand,
which grades eastward to a silt, is not associoted with
a particular topographic feature in the project area
as it is in the hills in the core of the Palouse country,
the extension of the Palouse country proposed by
Caldwell (1961, p. 117, fig. 1), or the linear hills
described by Lewis (1960, p. 98, fig. 1).

Large amounts of the tuffaceous sediment ac-
cumulated in lake basins where the laminated clay
was settling. The brown tuffaceous sand is the domi-
nant constituent of many beds at various stratigraphic
levels of the Ringold Formation; it may underlie, over-
lie, or be interstratified with lacustrine deposits at
the White Bluffs. Each stratum of the tuffaceous sand
probably records an eruption of pyroclastic debris.

Quartzitic Conglomerate

The conglomerate facies exposed at White
Bluffs (fig. 21) is an aggregate of quartzite, other
metamorphic rock, granitic rock, porphyry, and ba-
salt pebbles and cobbles, most of which are well
rounded with some flat and elongate; the interstitial
material is largely subangular quartzose sand. It is

loosely coherent but has strongly cemented zones; it

was called "conglomerate” by Newcomb (1958) to
distinguish it from the glaciofluvial gravel.

The constituents of the Ringold conglomerate
at the White Bluffs, their elongation, and their degree
of roundness are similar to those of the conglomerate
in the Beverly Member of the Ellensburg Formation.
Lithologically, they also resemble coarse flood-plain
deposits of the present-day Columbia and Snake Rivers,
although the Ringold constituents are more elongate,
with a lower percentage of basalt pebbles. When
stratigraphic relationships are obscured by cover, it is
difficult to assign with assurance isolated outcrops of
quartzitic conglomerate to the proper unit. Quartzitic
conglomerate may have been deposited at any time
before or after the deposition of scabland gravel.

Well drillers' logs show that the conglomerate
facies occurs as a lens in the silt and clay of the Ring-
old Formation (fig. 21). The maximum reported thick-
nesses of the conglomerate within the project area are
182 feet in well 11/29-5N1 and 193 feet in well
11/29-20N1 (where it rests on basalt); the unit thins
rapidly to its eastern edge.

Conglomerate similar to that exposed in the
southern part of the White Bluffs crops out at three
other places in the project area: (1) A conglomerate
overlain by a layer of caliche is poorly exposed under
drifting sand in secs. 13, 23, and 27, T. 10 N., R.
31 E., about 11 miles northeast of Pasco (fig. 21).

It consists of elongate quartzite, other metamorphic
rock, and porphyry pebbles, but it differs from the
Ringold conglomerate at the type locality in having
a higher percentage of greenstone pebbles. The base
is not exposed. (2) A gravel consisting of pebbles
and cobbles of quartzite, greenstone, and basalt is
exposed in a pit 4% miles northeast of Pasco, in the
NEINEZ sec. 23, T. 9 N., R. 30 E. (fig. 21). lts
age is not known but it may be Ringold on the basis
of lithologic similarity to the conglomerate exposed
along the White Bluffs. Foreset bedding in this gravel
dips northward and away from the Snake River (fig.



FIGURE 24.—Quartzite- and greenstone-bearing
gravel possibly of Ringold age in gravel pit
i NE:'{ﬁE%- sec. 23, T. 9 N., R. 30 E.
Foreset bedding in gravel dips northward
away from Snake River; bedding of the gla-
ciofluvial basaltic gravel dips gently south-
ward. Windblown silty sand overlies the
basaltic gravel.

24; Bretz, 1928c, p. 681). (3) A somewhat indurated
quartzitic gravel similar to the Ringold conglomerate,
but lacking the caliche cap, is exposed in pits in the
NWASWZ sec. 3, T. 16 N., R. 23 E., and the SWi
SWZ sec. 10, T. 16 N., R. 23 E. The base is not
exposed at either locality, but field relationships sug-
gest that it unconformably overlies the Roza Member
at the first locality and the Priest Rapids Member at
the second. Gravel of similar lithology occurs as

lag after wind erosion of the sand along the top of

the gravel terrace and along the gravel scarp north

of the mouth of Jericho Coulee, 2 miles northeast of
Beverly.

In the northernmost outcrops of the conglom-
erate facies along the White Bluffs, the imbrication
of the pebbles indicates that deposition took place in
a stream flowing southward or southeastward (fig. 25).
Farther south, crossbedding and shingling peint to
repeated shifting in current direction.

Buff Laminated Clay

The buff laminated clay facies includes strata
of clay with subordinate silt and fine sand, which were
deposited in a lacustrine environment in the Pasco Ba-
sin. The unit is presently best exposed in the White
Bluffs, where beds of sand, silt, and clay progressively
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FIGURE 25.— Quartzite~bearing conglomerate of the
Ringold Formation in roadcut at mouth of
Parsons Canyon, in the NEXSWx sec. 1,
T 11 N, E 28 E. Crossbedding of con-
glomerate here dips eastward away from
Columbia River.

grade upward into one another, with the superposition
of beds recurring many times in the section. This re=
currence suggests cycles of deposition during which
environmental conditions, probably those of a large
lake or river flood plain, repeated themselves. The
clay and silt commonly are indurated to the consistency
of a claystone and siltstone, and are either laminated
or massively bedded, commonly breaking into blocks
along vertical joint planes (fig. 26). Where the clay
lies at considerable depth below the regional water
table and therefore has not been oxidized since its
deposition, it is blue or green, and is known to drillers
as "blue clay" (Newcomb, 1958, p. 335-336).

Sand and silt layers within the clay facies
are predominantly quartzose and micaceous. In many
of the thinner layers, the sand is loose and exhibits
false cross-lamination associated with current ripples;
in other layers, the sand is indurated.

Buff laminated clay extends away from the
White Bluffs beneath a cover of glacial melt-water
deposits, rarely thicker than 100 feet, or under a very

thin cover of Holocene loess or dune sand. The clay
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FIGURE 26.—Laminated, thinly bedded siltstone and
claystone of the Ringold Formation in borrow
pit in SWESW2 sec. 20, T. 15 N., R. 30 E.

extends as far north as the upper part of Wahluke Slope,
where it crops out in a roadcut in the NW3SEX sec. 24,
T. 15 N., R. 23 E., at an altitude of 1,160 feet, and
also in a gully in the NWZ sec. 27, T. 15 N., R. 24
E., at an approximate altitude of 1,100 feet. To the
northeast, beyond the Othello Channels, the clay
facies is exposed in the bluffs at the western and south-
ern margins of Paradise Flats (fig. 26), and in bluffs

1% miles northeast of Connell.

North of the Saddle Mountains and Othello
Channels, buff laminated clay underlies the high part
of the Royal Slope from the western margin of the
Drumheller Channels to the vicinity of Royal City.

It is exposed in the north-facing bluffs of the Taunton
Terrace, and occurs sporadically near the top of the
bluffs along the north-facing cliffs of the Corfu and
the Smyrna Benches. The clay also partly underlies
Sand Hollow at the western end of the Royal Slope,
where it is exposed in borrow pits, resting unconform-
ably on both the Frenchman Springs and Roza Members
of the Yakima Basalt.

The only exposures of the clay facies in the
Quincy Basin are in the SW4SWZ sec. 6, T. 17 N.,

R. 28 E., along the southern part of the bluffs, east
of Pelican Homn of Moses Lake (Grolier and Foxworthy,

1961), and along the vertical banks of Lind Coulee
(fig. 23), in the western part of the coulee's course
toward Potholes Reservoir. Data from well drillers’
logs indicate that the clay fills the deepest part of
the Quincy Basin under a thick cover of younger
deposits.

The areas presently underlain by buff lami-
nated clay are discontinuous. Many hills within melt-
water channels represent outliers composed mostly of
buff clay. Among them are: (1) The large crescent-
shaped hill mostly in T. 10 N., R, 30 E., where buff
clay is exposed in shallow dug pits; (2) Jackass Moun=-
tain, 3% miles southwest of Eltopia, in secs. 17, 20,
and 29, T. 11 N., R. 30 E.; (3) a second Jackass
Mountain, 5% miles north of Othello mostly in sec.
3, T.16 N., R. 29 E.; and (4) Cash Butte, 3 miles
southwest of Royal City, in the SWZ sec. 10, T. 16
N.;:R. 25E,

Buff laminated clay also is exposed in iso-
lated outcrops far to the east of the previously men-
tioned areas. For example, it crops out at road level
along the northwest side of the Pasco-Kahlotus high-
way, in the SEZ sec. 3 and in the NE} sec. 15, T.
10N., R. 32 E., ot an approximate altitude of 900
feet.

Erosional remnants of a once-extensive val-
ley fill of buff laminated clay occur in two of the
coulees that trend westward from the eastern upland.
One of the remnants is near the junction of Hardesty
and Washtuena Coulees at an altitude of about 1,020
feet in the SWZ sec. 32, T. 14 N., R. 33 E., where
it was first reported by Bretz and others (1956, p.
1004). The other remnant is an outcrop of massively
bedded clay, unconformable against the Frenchman
Springs Member on the south wall of Lind Coulee, at
a maximum elevation of 1,340 feet in the NEJ sec.
33 and the NWZ sec. 34, T. 17 N., R. 32 E. Clay
120 feet thick also is reported overlying basalt in
well 16/32-3B1, 1% miles to the southeast.

Clay and coarse sand that may be equivalent



in age to the buff laminated clay facies but spatially
unconnected with the principal area of Ringold depo-
sition in the central and southern parts of the project
area occur in the Bacon syncline, in the extreme
northern part of the project area. The sediments are
exposed in a railroad cut near the center of sec. 9,
T. 23 N., R, 28 E., where they rest on the Priest
Rapids Member and are overlain by fluvial gravel.

Basaltic Fanglomerate

A part of the basaltic fanglomerate facies
of the Ringold Formation is best exposed along the
steep cliffs of the Smyrna Bench, a truncated remnant
of the piedmont slope into the Othello Basin from the
central part of the Saddle Mountains. There, the
fanglomerate is about 400 feet thick and includes
several lenses of buff laminated clay.

The basaltic fanglomerate facies consists of
angular to subangular, poorly sorted pebbles, cobbles,
and boulders of basalt in a matrix of brown tuffaceous
sand and silt. Layers of fanglomerate tens of feet thick
locally alternate with, or grade laterally into, layers
composed almost entirely of brown tuffaceous sand
containing root casts and tubules coated with caliche.
Basaltic rock fragments in the sand are from flows of
the Priest Rapids, Roza, and Frenchman Springs Mem-
bers that were undergoing erosion on the nearby moun-
tain slopes at the time of fanglomerate deposition.

The nonbasaltic rock fragments are opal, petrified
wood, and sporadic, small, subangular, wind-faceted
pebbles of black volcanic glass that occur in place
near the top of the Beverly Member.

The fanglomerate facies at this locality con-
sists of two units: a lower one with the basalt cobbles
and boulders stained brown, and a thin upper unit with
fresher unstained basalt cobbles and boulders. The
lower unit rests on a sequence of brown tuffaceous
sand, bluish-black clay 10 to 20 feet thick, and the
Saddle Mountains Member of the Yakima Basalt. The
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upper unit is capped by the massive caliche.

Immediately southeast of Sentinel Bluffs, the
basaltic fanglomerate facies overlies hogbacks of the
youngest basalt on the south slope of the Saddle Moun-
tains, and forms northwest=trending bluffs across secs.
23 and 26, T. 15 N., R. 23 E. The fanglomerate
there differs in lithology from that at any other locality
because, in addition to angular basalt debris, it con-
tains well-rounded pebbles and cobbles of quartzite,
felsite porphyry, and other rock types reworked from
the Beverly Member. Because the Beverly conglom-
erate crops out north and upslope from the hogbacks
referred to above, it probably was the source of the
rounded non-basalt debris in the Ringold fanglomerate.
At the southwestern end of this area, glaciofluvial
erosion has stripped the fanglomerate from the under-
lying Saddle Mountains Member. In the bluffs and
the gullies in secs. 23 and 26, the exposed fanglom-
erate consists predominantly of massive brown tuffa-
ceous sand with thin layers of angular basalt fragments.
The exposed section there is capped by caliche.

Channeling by glaciofluvial streams has pro-
duced many good exposures of the basaltic fanglom-
erate facies at other places in the project area. An
exposure nearly 3 miles long occurs atop a monocline
west of Corfu, where the fanglomerate is associated
with lacustrine sand, silt, and clay, and unconform-
ably rests on the Saddle Mountains Member near the
top of the monocline.

Basaltic fanglomerate about 130 feet thick
and capped with massive caliche is exposed at the
top of the cliff in secs. 31 and 32, T. 16 N., R. 25
E. It rests disconformably over the Priest Rapids Mem~
ber. Badlands-type pinnacles, resulting from wind
and water erosion of the fanglomerate, stand out a
few feet below and north of the cliff. The altitude
of the base of the fanglomerate there is about 1,300
feet.

Basaltic fanglomerate underlies the higher

part of the Wahluke Slope along the south flank of the
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Saddle Mountains anticline and the piedmont slope
at the base of the Beezley Hills, north of Winchester
and Quincy in the Quincy Basin. The fanglomerate
at those localities is exposed in only a very few
places. Away from the mountain front, the fanglom-
erate is overlain by a thin veneer of unconsolidated
alluvial-fan debris and eolian silt accumulated in
Holocene time.

The basaltic fanglomerate facies crops out
for a distance of 2 miles along the west wall of the
Ephrata Channel where the piedmont slope of the
Beezley Hills has been truncated. There, the fanglom-
erate rests unconformably over the Frenchman Springs
and Roza Members and is made up of debris eroded
from the Beezley Hills monocline.

In the Columbia River water gap through the
Frenchman Hills anticline, angular basalt debris rests
on the bench atop the lower flows of Yakima Basalt,
and against the scarp in the SEX sec. 8, T. 17 N.,

R. 23 E. There, the basalt debris is mixed with the
brown tuffaceous sand of the Ringold Formation. A
thick caliche layer caps the talus, and is parallel to
the talus slope. This deposit is a remnant of talus
that probably extended continuously along the French-
man Hills scarp prior to its almost complete removal
by glacial melt-water streams. The talus also crops
out under gravel deposits almost as far north as Trini-
dad. This deposit, in secs. 17, 18, and 20, T. 20
N., R. 23 E., has been described by Bretz and others
(1956, p. 987-988).

The presence of the caliche~capped fanglom-
erate of apparent Ringold age in the Frenchman Hills
water gap means that part of the uplift of the French-
man Hills and the entrenchment of the ancestral Colum-~
bia River had occurred before this part of Ringold
deposition. Also, this relation would indicate that
the Columbia River occupied this part of its course
before the accumulation of the brown tuffaceous sand

in talus.

Gravel Deposits in Wind Gaps

Gravel and sand deposits occur in wind gaps
within both the Saddle Mountains and Frenchman Hills.
The deposits lie well above the shorelines of lakes
that developed as a result of submergence by glacio-
fluvial currents in late Pleistocene time. Three de-
posits are tentatively considered of Ringold age and
mapped as "undifferentiated Ringold Formation."

In the Saddle Mountains, two gravel deposits
are referred to the Ringold. One is a gravel and sand
deposit that occurs as a bar in an abandoned water
gap in secs. 30 and 31, T. 15 N., R. 29 E. It ranges
from 1,210 to 1,330 feet in altitude (Bretz and others,
1956, p. 999). The deposit is composed of rounded
pebbles that are predominantly basaltic and of quartz
and feldspar sand. The deposit rests on Saddle Moun-
tains basalt, and is capped with a layer of massive
caliche that is several feet thick. The maximum thick=-
ness of the deposit is about 30 feet. The other deposit
consists of basaltic gravel with a caliche cop and
occurs at the east end of the Saddle Mountains, mostly
insec. 10, T. 14 N., R. 29 E. The deposit ranges in
altitude from about 1,150 to 1,270 feet. The best ex-
posure is at the top of the scarp in the SEXNEZ sec. 10.

In the Frenchman Hills, a gravel deposit
occurs in the SWaZNE% sec. 19, T. 17 N., R. 27 E.,
in a pit at the southeast end of an emergency airstrip.
The deposit is at an altitude of 1,410 feet. It is com=
posed of rounded pebbles of basalt that are cemented
by caliche in the upper few feet. The gravel is about
8 feet thick, and overlies caliche-impregnated brown
tuffaceous sand of the Ringold Formation. The deposit
extends northward down the slope of the Frenchman
Hills and is exposed again in o roadcut in the NW%
NWZ sec. 20, T. 17 N., R. 27 E. At this locality,
the brown tuffaceous sand is interstitial to the basalt
pebbles; however, it is labeled Qg on the geologic
map of Grolier and Bingham (1971).



PLEISTOCENE DEPOSITS

Alluvium Older Than

Glaciofluvial Deposits

Several alluvial deposits, seemingly unrelated
to one another or to any other time-stratigraphic unit
in the area, are known from isolated exposures. Some
deposits are too small to be mapped, and others were
not differentiated from fluvial gravel. The chief de-
posits are listed below because of their stratigraphic
interest and their bearing on the geologic history.

They are scattered in the project area.

Conglomerate in Esquatzel Coulee

An erosional remnant of an indurated con-
glomerate rests on a basalt bench about 50 feet above
the valley floor of Esquatzel Coulee. It is exposed
near the base of the north coulee wall, at an altitude
of about 700 feet, 1 mile northeast of Mesa and half
a mile east of State Highway 17, in the SW4SE sec.
24, T. 13 N., R. 30 E. It is not shown on the geo-
logic map of Grolier and Bingham (1971).

The conglomerate consists of angular slabs
of basalt, and small rounded pebbles of basalt and
quartzite tightly cemented by carbonate. It is 25 to
30 feet thick and rests on the Roza Member. Based
on its lithology and degree of cementation, the con-
glomerate is tentatively interpreted as an erosional
remnant of alluvium in a prescabland valley. The
alluvium may have been deposited when the ancestral
Palouse River followed a southwesterly course down
the sites of Washtucna and Esquatzel Coulees into the
Pasco Basin as described by Bretz (1928¢, p. 662).

Gravel Deposit in Old Maid Coulee

On the north side of Old Maid Coulee, a
gravel deposit is exposed in a pit in the NEXNEZ sec.
24, T. 13 N., R. 31 E., on the west side of U.S.
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Highway 395, and in the NEXNW% sec. 19, T. 13 N.,
R. 32 E., east of the highway. The exposure is at an
altitude of 1,050 feet. It is shown as fluvial gravel
on the geologic map of Grolier and Bingham (1971).
Quartzite and caliche pebbles, and mica-
ceous quartz and feldspar sand are mixed with gravel
composed of weathered basalt ranging from granule
to boulder size. The deposit is capped with caliche;
the base is not exposed. Foreset bedding dips south-
westward, down coulee. Bryan (1927, p. 27 and pl.
5A) first described this deposit and interpreted it as
"waterworn gravel, evidently deposited by a shifting,
but not necessarily turbulent stream." This gravel
also has been described in detail by Flint (1938, p.
518), and later by Bretz and others (1956, p. 1006)
who thought that the gravel probably was deposited by

a glaciofluvial stream.

Cravel Deposits in the Quincy Basin

Several deposits of fluvial gravel in the
Quincy Basin are older than most of the glaciofluvial
gravel. The deposits, consisting of cobbles and boul-
ders of basalt, caliche, and granite, underlie the
area east of Potholes Coulee and the channel floor at
the head of Crater Coulee. They were included with
the glaciofluvial gravel on the geologic map of Gro-
lier and Bingham (1971). In a pit where the deposit
in Crater Coulee is well exposed, it consists of coarse
basalt cobbles with some boulders of the Vantage Sand~-
stone Member (Bretz and others, 1956, p. 985, 988).
Materials of similar composition underlie parts of secs.
30, 31, and 32, T. 19 N., R. 24 E. (fig. 27).

A striking feature of these deposits is the
dip of their bedding surfaces, which is to the east,
southeast, or south, away from the Columbia River.
Thus, the sediments must have been deposited by a
large river flowing in a direction opposite to that
indicated by the present longitudinal profile of Crater
and Potholes Coulees. This conclusion is supported

by the presence of the soft Vantage sandstone boulders
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FIGURE 27.— Caliche-capped basaltic gravel in pit
in NW% sec. 31, T. 19 N., R. 24 E. Fore-
set bedding in gravel dips eastward away
from the Columbia River.

that could have been transported only a few miles
from nearby outcrops in Lynch Coulee, and by the
decrease in average grain size of the deposit eastward
from the coulees. Possibly this is a record of an early
flow of glacial runoff into the Quincy Basin and re-
sulted in the high erratics and silt deposits that pre-
ceded the erosion of the low outlet through Drumheller

Channels.

Gravel Deposit in Lynch Coulee

A small deposit of gravel is exposed on the
north slope of Lynch Coulee, in a railroad cut along
the abandoned right-of=way of the Burlington Northern
railroad, near the center of sec. 32, T. 21 N., R.
23 E. The gravel, about 15 feet thick, is deeply
weathered, and consists of angular cobbles and boul-
ders of basalt. The base is not exposed. The degree
of weathering, the crumbling aspect of the rock frag=-
ments, and the till-like appearance make this deposit
unique among those observed in the project area. The
deposit is not shown on the geologic map of Grolier
and Bingham (1971).

Glaciofluvial Deposits

The glaciofluvial deposits consist of the un=-
consolidated silt, sand, and gravel unconformably
overlying the older rocks and unconsolidated materials.
These materials record deposition in temporary lakes
and in or near the channels used by the catastrophic
floods during late Pleistocene time. In this report,
these outwash deposits are subdivided and referred fo
as "lacustrine fine sand and silt," and "glaciofluvial

gravel and sand."

Lacustrine Fine Sand ﬁ S_l‘l

The lacustrine deposits were first recognized
and described from exposures in Walla Walla Valley
by Bretz (1928b, p. 325-328). Bretz (1928c¢, pl. 5)
also showed their areal extent to the area northeast
of Pasco, and thence to Providence Coulee, Wahluke
Slope, Paradise Flats, the Royal Slope, and Sand
Hollow. He also showed the occurrence of the deposits
in the area northeast of Warden, and in a later report
(Bretz and others, 1956, p. 983) they were described
in a part of the Quincy Basin.

The name "Wahluke" was originally suggested
by Beck (1936, p. 12) for the thin layer of sediments
lying above "lime rock" (plateau-blanket caliche), in
. above undoubted Ringold
at the head of the Beverly highway grade a mile or so
. . . [north] of Wahluke." He also pointed out the

occurrence of similar deposits in the valley cut and

a "typical exposure . .

fill along the lower part of Lind Coulee. These de-
posits, which include Holocene silt and sand, he
termed "the Tiflis member of the Wahluke sediments."
Flint (1938, p. 493-499, fig. 5) named the
fine=grained deposits the "Touchet beds," in an area
extending from the Horse Heaven Hills south of the
project area northward to the Saddle Mountains and
eastward to Walla Walla. The name is taken from
particularly good exposures in the vicinity of Touchet
in the Walla Walla Valley (outside the project area,



23 miles southeast of Pasco).

Two principal periods of deposition of lacus-
trine silt are recognized in the Pasco and the Quincy
Basins, based on the areal distribution of the silt be-
low two faintly defined shorelines, at altitudes of
1,150 feet and 850 feet in the Pasco Basin, and of
1,350 feet and 1,200 feet in the Quincy Basin. The
older silt occurs above the lower shoreline and may
be recognized by a slight discoloration from the origi-
nal buff to a light brown. Both the older and younger
silts occur below the lower altitude in the basins of
deposition like the Quincy, Othello, and Pasco Basins
and in valleys tributary to scabland channels.

Although the grain size is silt and fine sand,

as many as five textural constituents were recognized

by Bretz (1928b, p. 325-326):

1. Coarse, angular black (fresh) basaltic
sand and gravel, occurring in lenses and pockets,
or disseminated in grains throughout stratified
silt.

2. Light-colored very fine sand, occurring
as very irregular lenses within fine gravel in some
parts of the deposits.

3. Grayish-buff to light-brown stratified
and locally laminated silt.

4. lce-rafted pebbles, cobbles, and boulders,
consisting mostly of metamorphic and other non-
basaltic rock fragments, usually found in the silty
phase of the deposits.

5. Yellowish sandy clay surrounding ice-
rafted fragments (this constituent was not observed

during the present investigation).

Up tributary valleys, away from the major
glaciofluvial channelways, the average grain size of
the lacustrine sediments decreases. Down valley, the
average grain size grades into basaltic sand and gravel.

Stratification is at a minimum near the upper
altitude limit of the silt. The deposits at lower alti-

tudes are characterized by rhythmic bedding as a sand
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and silt alternation varying from a few inches to a
few feet in thickness. This variation in stratification
is best illustrated in exposures near the confluence of
Weber and Lind Coulees, in the NW% sec. 3, T. 18
N., R. 30 E., and also in a railroad cut in the NWx
sec. 4, T. 17 N., R. 30 E. The massive layers of
silt stand out in relief on the vertical face of some of
the exposures. They are etched by wind erosion,
which preferentially removes the less compacted and
finer material in the crenulated laminae of the current-
bedded sand layers.

The lacustrine fine sand and silt is calcareous
throughout. It is loosely compacted, slightly cohesive,
and temporarily stands in steep walls in ravines and
cuts.

The silt forms a thin veneer, only a few feet
thick, along the valley and basin slopes and is as
much as 75 feet thick at the bottom of and against
the lower slopes of coulees. There, the silt forms
nearly flat-topped graded terraces that stand as much
as 50 feet above the present valley floors.

Perhaps the most obvious characteristic of
the lacustrine fine sand and silt is the presence of
innumerable clastic dikes. The dikes are generally
vertical multiple bands of the same material in a maze
of fissures that opened repeatedly after most of the
deposit had been laid down. The dikes occur either
singly or as multiple compound dikes, with a maximum
thickness of several feet. The beds in the dikes are
layered generally parallel to the fissure walls, and
many dikes contain cross laminae of sand in one or
more layers. Fissure walls are coated with paper-thin
layers of clay. In some places, the dikes extend
downward through the massive caliche layer (fig. 28A),
upon which the lacustrine fine sand and silt may rest,
into the brown tuffaceous sand and lacustrine clay of
the Ringold Formation—for instance, along the bluffs
in the SW} sec. 3, T. 14 N., R, 26 E. (fig. 288B),
and in isolated exposures of Ringold Clay along the
Pasco-Kahlotus Highway, in sec. 3, T. 10 N., R,
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FIGURE 28.—Clastic dikes cutting through Ringold Formation and overlying caliche in SWASWJ sec. 3,

19

T. 14 N., R. 26 E. A. Dike cutting caliche that caps Ringold Formation. B. Dike cutting
Ringold laminated clay. Caliche capping shown in figure 28A is at top here, about 150 feet
above hammer. (General Electric Hanford Operations photo.)

32 E. The lithologic characteristics of the dikes in
the area southeast of this project area have been ex-
tensively described by Lupher (1944).

In plan, the dikes form a polygonal network
(fig. 29A) "with a distance across the cells ranging
from 50 to 400 feet . . . ." (Newcomb, 1962, p. 70).
This polygonal network is most easily seen in the Pasco
Bosin in sand~dune blowouts, or where the dikes have
penetrated the coarse sand phase of the glaciofluvial
sediments, and the overlying silts have been removed
by deflation, as they were in the NX T. 9 N., and
the S3 T. 10 N., R, 30 E. In the latter place, the
polygonal pattern is emphasized by vegetation (fig.
29A and B). The growth of ragweed and Russian thistle
is more vigorous along the dikes than is the cheat grass
over the permeable sand and gravel, probably because
the high silt content of the dikes favors a high mois-

ture retention.

Examination of the dikes by Newcomb has
lead him to interpret (1962, p. 70) that " . . . the
clastic dikes resulted from upward injections of ground
water. . . . caused by bank-storage effluent when a
pressure difference was produced by a large lowering
of Lake Lewis.

the many laminae of the dikes."

. « . later injections . . . produced
The authors infer that most of the dikes re-
sulted from the filling of desiccation cracks or deep
frost cracks that occurred in the bottom sediments of
the intermittent Lake Lewis during glacial periods.
Lake Lewis is thought to have been short lived but
recurrent because of the lack of definite shorelines
and the absence of clay-size particles in the cyclic
bedding of the lacustrine facies. Periodic drying of
the lake permitted either one or both of the crack
types to occur along the same zone of weakness as

previous cracks, producing the vertically bedded dikes.
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A. Aerial view of pattern.

B. Closeup of pattern.

FIGURE 29.—Polygonal pattern of clastic dikes in coarse sand in NEZ sec. 36, T. 10 N., R, 30 E. At
this locality, polygonal pattern is restricted to terrace east of shallow melt-water channel.
Southwesterly winds removed lacustrine fine sand and silt that mantled terrace, exposing plan

view of dike pattern.

The upper limit of deposition of the glacio=
fluvial deposits is commonly marked by the presence
of erratic pebbles and boulders which are scattered
or in nests. These were interpreted long ago by Rus-
sell (1893, p. 26-27) and Bretz (1919, p. 498-499,
fig. 2) as debris which was ice rafted and then stranded
along the shoreline of the lakes in which deposition
of the silt is assumed to have taken place. These
"berg dumps" occur, for example, on a terrace along
Highway 26, 2 miles east of Taunton, in the NEZNEZ
sec. 9, T. 15 N., R. 28 E., at an elevation of about
780 feet, and along the Wahluke Slope in the NEX
NW% sec. 27, T. 15 N., R. 24 E., at an altitude of
about 1,150 feet.

Inconspicuous strandlines, marked by almost
imperceptible scarplets bordering narrow wave-cut
terraces, are also useful in recognizing the upper
limit of the lacustrine silt deposits. They are most
easily seen on air photographs, but in some places
may be easily recognized in the field as on the loess-
mantled north slope of the Saddle Mountains immedi-

ately above the Taunton Terrace.

Glaciofluvial Gravel or Sand

Glaciofluvial gravel or sand was deposited
at points where scabland channels emptied into basins
or large river valleys, or where the channels widened;
in such places, a diminished water velocity resulted
in deposition of part of the floodwater sediment load.
The scabland channels, having been scoured by rivers
and floods of great capacity, are today remarkably
free of gravel deposits.

The pebbles, cobbles, and boulders in the
glaciofluvial gravel characteristically are well
rounded to subrounded, with many percussion marks.
Weathering rinds on the basalt particles are very thin
or absent. The deposits are well sorted, have an
open-work texture, and consist almost entirely of
basalt, with less than 1 percent granitic and meta-
morphic material. In contrast, glaciofluvial gravel
near the levels of the Columbia and Snake Rivers is
as much as 60 percent nonbasaltic (Roald Fryxell,
oral communication, 1963). The gravel deposits near

these rivers were included with the alluvial deposits
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on the geologic map of Grolier and Bingham (1971)
because of their similar lithology, and because the
exact termination of the last melt-water flow in these
rivers is indistinguishable.

Locally, caliche and Ringold pebbles and
blocks occur in the glaciofluvial gravels. Gravel
containing these materials exists marginal to scabland
tracts, where development of the scabland consisted
of little more than channeling of caliche. Typical
examples are the deposits of caliche gravel that are
spread over Paradise Flat north and south of Othello
and the mounds of rounded caliche pebbles in the
southwestern part of the Quincy Basin in the NEJ sec.
8, T. 18 N., R.23E.

A thin coating of calcium carbonate occurs
on the underside of fluvial gravel particles to a depth
of several feet below land surface in most places,
though the amount is generally insufficient to cement
the gravel.

The deposits of fluvial gravel and sand can
be divided into four general geomorphic shapes: deltas;
bars, natural levees, and terraces; valley fill; and
discontinuous gravel masses in abandoned plunge pools.

The deltas extend outward like fans from the
mouths of scabland channels that open into structural
basins or onto prescabland piedmont slopes. An ex-
ample of this type of deposit is the Quincy Basin fill,
which is shaped like a cone with its apex near the
mouth of Lower Grand Coulee. The deltaic fill ex-
hibits a striking southward decrease in grain size and
change in stratification. Near the mouth of Lower
Grand Coulee in T. 21 N., Rs. 26 and 27 E., the
delta consists of torrentially bedded, very coarse
basaltic boulder gravel, which is well exposed in a
gravel pit in Ephrata in the NW sec. 22, T. 21 N,,
R. 26 E. In the central part of the basin, the topset
beds of the delta comprise well-stratified sand and
granule gravel. This phase is well exposed in a road-
cut on Interstate 90, immediately west of the east
side of Morrison Flat, in the SE} sec. 30, T. 19

N., R. 27 E. In the southern part of the Quincy
Basin, between Morrison Flat and the Frenchman Hills,
most of the bottomset beds of the delta consist of fine
sand and silt. Some of this sand subsequently migrated
eastward, as dunes blown by the prevailing westerly
wind, and dammed Crab Creek and Rocky Ford Creek,
forming Moses Lake. The maximum known thickness
of the deltaic deposits in the Quincy Basin is 143 feet
(well 19/26=11J1), about 11 miles west of the city of
Moses Lake.

Deposits of gravel, similar to but smaller in
area than those of the Quincy Basin, flare out south
of the Drumheller and Othello Channels; they have
been partly removed by subsequent flood erosion.

Also, the huge gravel and sand deposit trending south-
east from Sentinel Gap and underlying most of T. 14
N., Rs. 23 and 24 E., is part of a delta deposited by
the proglacial Columbia River as it entered Lake
Lewis. At Mattawa, the delta is 225 feet thick.

The gravel deposits with giant subfluvial
stream forms—the bars, natural levees, and terraces—
are common along all channels used by the floodwaters.
The deposits contain basaltic material of all grain sizes
but are predominantly gravel. Bars are well developed
in Crab Creek between Wilson Creek and Brook Lake,
where they have been described by Bretz and others
(1956, p. 977-980, pl. 8). The natural levees are
best exemplified by the long curving ridge that passes
through the east side of the city of Moses Lake and
extends southward along the Potholes Reservoir. Ter-
races are formed along the sides of channels that con-
tained perennial streams, or they may be remnants of
older deposits at places where they were reworked as
a result of lowering base levels. Deposits along the
north side of Crab Creek valley northeast of Adco and
along Rocky Ford channel are examples of the two
terrace types. Similar deposits also occur in the
Columbia and Snake River valleys. Two outstanding
examples are the gravel terraces and bars underlying
parts of T. 9 N., Rs. 29 and 30 E., and T. 10 N.,



R. 29 E.; and the terrace known as Snake River Flat
northeast of lce Harbor Dam.

The glaciofluvial material remaining in the
scabland valleys is largely gravel, which can be con-
sidered the bedload of the glaciofluvial floods. De-
posits of this type occur in Dry Coulee, in the valley
of Crab Creek east of Adrian, in Washtucna and Es-
quatzel Coulees, and along the channel of Lower Crab
Creek between Corfu and Jericho. In Crab Creek
valley, the thickness of the gravel averages about 100
feet, whereas it is 180 feet thick at Connell (Calkins,
1905, p. 43), about 120 feet thick near Mesa, and
160 feet thick at Eltopia.

Discontinuous gravel deposits occur around
abandoned plunge pools, as in the small tributary of
Esquatzel Coulee insec. 18, T. 13 N., R. 31 E.,
on the bottom of the Potholes and Frenchman Springs
Coulees, and in most of the small plunge pools in the
Drumheller and Othello Channels. Other discontinu-
ous gravel masses occur on basalt benches (for example,
the gravel underlying a terrace in the SEX sec. 17,
T.17 N., R. 23 E., 1 mile north of the Vantage
Bridge) and in the cliffed recesses of coulees (such
as in Washtucna Coulee at Sulphur Lake and in Esquat-

zel Coulee a mile north of Mesa).

HOLOCENE DEPOSITS

Eolian Deposits

In the project area, eolian materials exposed
at the surface consist of young loess and dune sand
deposited during the Holocene Epoch. Like the older
loess deposited throughout the Pleistocene Epoch, it
is composed of silt-sized material that settled to the
land surface after being carried aloft and widely dis-
tributed by the wind. It includes some sand and clay-
size particles intermixed, derived largely from beds

of the Pleistocene lacustrine silt. The dune sand, on
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the other hand, is blown along the ground surface,

largely by creep and saltation (bouncing).

Loess

In any particular area, the deposit is thickest
on the leeward side of hills, such as the north-facing
slopes of Frenchman Hills and Saddle Mountains. The
loess is easily distinguished from the undisturbed lacus-
trine silt at higher altitudes by the lack of stratifica-
tion and by the development and depth of the soil
profile, even though both deposits are of similar light
gray-brown color. Where it overlies the older loessal
deposits, such as the brown tuffaceous sand of the
Ringold Formation, the Holocene loess generally is
separated from it by a layer of plateau-blanket ca-
liche.

As shown on the geologic map of Grolier
and Bingham (1971), loess of Holocene age extends
onto Babcock and Pinto Ridges, Frenchman Hills,
Saddle Mountains, and the uplands east of the Quincy
and Pasco Basins (the loess has been mapped only
where it is more than about 5 feet thick). In the pro-
ject area, the areal extent of the Holocene loess
corresponds approximately to that of the Shano and
Ritzville soil series (Gilkeson, 1958; 1965, p. 3-5).

Regularly spaced surficial mounds of Holocene
silt with sporadic pebbles are well developed in the
project area. They occur in two physiographic en-
vironments: on gravel and stripped basalt surfaces in
channels formed by early glaciofluvial erosion; and
on the wind-swept slopes of the Beezley Hills, Pinto
Ridge, and other high slopes, where the silt is less
than 10 feet thick. The mounds average about 25 feet
in diameter, 3 feet in height, and are spaced 10 to
50 feet apart.

The silt has been removed from the inter-
mound areas, probably by deflation and soil creep.
On sloping surfaces, the intermound areas approach a
desert-pavement type of surface, whereas on flat sur=

faces, they are covered by a thin layer of silt. The
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intermound areas may exhibit a poorly developed
polygonal stone net, bare of silt, surrounding the
mounds. These areas of patterned ground are probably
analogous to those described by Malde (1964, p. 202,
pls. 1 and 4) on the Snake River plain and by Brunn-
schweiler (1964, p. 227, fig. 5) and Kaatz (1959) on
the Columbia Plateau.

A layer of white volcanic ash, from a few
inches to a foot thick, occurs in the upper part of the
Holocene loess, as it does in all other undisturbed

Holocene deposits in the area. The layer is an im-

portant marker, and can be observed in many roadcuts.

The widespread ash bed has been interpreted as origi-
nating from Mount Mazama (Crater Lake) and its age
is approximately 6600 years (Powers and Wilcox,
1964). Locally, an older ash layer is bedded in lower
parts of the loess. The older ash, from Glacier Peak,
has been identified in the northern part of the project
area (Quincy Basin and Crab Lake depression in secs.
7,8,and 9, T. 21 N., R, 30 E.). lts deposition is
now thought to have occurred about 12,000 years ago
(Fryxell, 1965); hence it dates this part of the loess
as of late Pleistocene age.

Dune Sand

In the project area active sand dunes occur
in the central and southern Quincy Basin, in the areas
northeast of Pasco, in the Lower Crab Creek valley,
and along the Columbia River.

In the Quincy Basin, the dunes that con-
stitute the natural dam impounding the water of Moses
Lake contain a mixture of basaltic, opal, and quartz-
feldspar sand, which has drifted from the lacustrine
fine sand and silt underlying the southern and south-
western parts of the Quincy Basin. In the area north
and northeast of Pasco, dunes consist of sand reworked
and blown from a thin veneer of lacustrine sand and
silt. The barchan (crescent shaped) dunes along the
Columbia River and in the Lower Crab Creek valley
east of Beverly consist of sand derived from the flood-
plain deposits of the Columbia River. The geologic

map of Grolier and Bingham (1971) shows only the
larger areas of active dunes, and does not show the
innumerable established dunes in the southern parts
of the Quincy and Pasco Basins, nor the many dune
islands in Potholes Reservoir. There, the sharp crests
of the dunes rising above the water surface are being
slowly leveled by the wind which blows the dry sand
off the saturated bases.

The parabolic and transverse dunes in the
southern parts of the Quincy and Pasco Basins have
left "tails," longitudinal dunes many miles long.
These tails (long low ridges of sand) are now largely
stabilized; they extend from the source area of the
sand and show the direction of past dune migration.

A notable exception to the dunes of sand are
the dunes of silt at the top of the Ringold scarp, which
have been blown upward from the White Bluffs in the
area from sec. 11, T. 13 N., R. 27 E., to sec. 33,
T. 13 N., R. 28 E. Only those dunes near the mouth
of Ringold Coulee, in secs. 13 and 14, T. 12 N.,

R. 28 E., are shown on the geologic map of Grolier
and Bingham (1971).

Alluvium

Holocene alluvium consists of channel-lag
gravel and channel-fill material of silt to gravel size.
The channel-lag gravel on the narrow flood plains of
the Columbia and Snake Rivers is only slightly modi-
fied glaciofluvial gravel because the capacity of
either river during Holocene times, even during peak
floods, does not approach that of their ancestors in
the late Pleistocene. Channel=fill material of sand
and silt is exposed in discontinuous low terraces along
the course of Crab Creek and Lower Crab Creek and
in most coulees (Daugherty, 1956, p. 234-235, fig.
8).

In the small channels of intermittent streams
that flow in coulees at times of flash flood or during

spring snowmelt, most of the alluvium is tan or gray



silt and sand, reworked from earlier deposits, mostly
from the lacustrine silt of Pleistocene age or from
loess. Some of the alluvial silt is deposited when the
water is temporarily ponded behind gravel bars which
form natural dams or obstructions in the coulees.
Many of these deposits contain Holocene fresh-water
gastropods and pelecypods.

A well-formed alluvial fan made up of re-
worked clay and sand of the Ringold Formation has
been deposited at the mouth of an unnamed coulee
northeast of the Othello Channels, mostly in secs. 3,
4,9,and 10, T. 14 N., R. 30 E. The coulee carries
the discharge of several tributary coulees heading in
Paradise Flats. Prior to irrigated farming, discharge
from this coulee flowed 4 miles westward through dunes
and blowouts to the depression now occupied by Eagle
Lake.

Coarser basaltic alluvium, some of which is
subangular, also is transported at times of floods by
intermittent sireams; this alluvium is either reworked
from bars of Pleistocene gravels, or eroded from the
coulee bed. For example, the flood of 1956 in Provi-
dence Coulee carried runoff and alluvium through
Connell, and down the entire length of Esquatzel
Coulee to the Pasco sump north of the Pasco airport
(Anderson and Bodhaine, 1956, p. 2).

One of the most perfectly shaped alluvial
fans in the project area is that upon which the city of
Ephrata is built. The fan consists of semiangular ba-
saltic debris brought down from the Beezley Hills by
the intermittent creek in Two Springs Canyon. The
debris has accumulated within an abandoned melt-
water channel. Spring snowmelt or storm runoff from
Two Springs Canyon no longer is free to flow across
the fan; it is now channeled off to the north where
the silt and sand fraction of its load accumulates in
an elongate closed depression nearly 2 miles long
north of the city.

White marl occurs in the Soap Lake de-

pression. Isolated outcrops of it are also found in

Holocene Deposits 59

the abandoned plunge pools of Potholes and Crater
Coulees.

Peat beds about 20 feet thick lie in a de-
pression formerly occupied by Crab Lake in the Crab
Creek valley. There the streamflow was impounded
by alluvium from Wilson Creek, a tributary from the
north beyond the project area. The lake has been
subsequently drained by ditching for cultivation. A
small part of the depression lies within the extreme
northeastem part of the project area, in sec. 18, T.
22 N., R. 30 E. Also, peat and muck lie in a low
area near the north end of Moses Lake at the mouth
of Rocky Ford Creek (Rigg, 1958, p. 52-53), and
in a depression just south of the divide between
Soap Lake and its post-Pleistocene outlet toward
Rocky Ford Creek, in secs. 5, 6, and 8, T. 21 N.,
R. 27 E.

Colluvium

Subangular basaltic debris, carried down
from the slopes of the Beezley Hills and the Saddle
Mountains, accumulates near the heads of the alluvial
fans. In one part of the Wahluke Slope, basaltic de-
bris is building up at the base of a small dissected
scarplet that marks one of the levels of ancient Lake
Lewis, at an altitude of about 850 feet across T. 15
N., R. 25 E. Along the north escarpment of the
Saddle Mountains, east of Beverly, giant debris cones
of angular basalt rise from the base of the mountains
and extend to the mouths of truncated gullies 1,000
feet or more above; at their upper ends they merge
laterally with talus.

Talus accumulates at the base of most basalt
cliffs in the coulees. It is prominent in the Columbia
and Snake River canyons and in the scabland channels,
but it is best developed along the fault scarps on the
north face of the Saddle Mountains, and in Dry Coulee,
in the SEX sec. 22, T. 23 N., R. 27 E.
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FIGURE 30.— Aerial view looking southeast, showi
of Saddle Mountains between Taunton and

ground.

Landslide Debris

Landslides have affected both the Yakima
Basalt and the Ringold Formation. Parts of the large
landslide west of Taunton have slumped at different
times, so that several ages of sliding are apparent.
Several of the most recent rock flowages have built
debris flows that extend as much as 1,200 feet into
Lower Crab Creek valley. These debris flows grade
upslope into typical backward rotated landslide blocks
(fig. 30). Most landslides in the basalt include inter-
bedded sedimentary materials that probably served as
weak planes on which sliding started. Fragments and
blocks of all these materials can be found in the land-
slide debris.

ng multiple landslides and debris flows on north slope
Corfu. Flood plain of Lower Crab Creek in middle-

Along the White Bluffs, many landslides
have been caused by undercutting of the weak Ringold
Formation by the Columbia River. There, slices of
the bluffs more than a mile long have moved toward

the river with a backward rotation motion.

STRUCTURE

Geologic structures in the project area are
only parts of the larger features that characterize the
related structural evolution of the entire Columbia
Plateau and of the Cascade Range provinces. The
events that produced these structural features—
subsidence, folding, and faulting—occurred on a

regional scale.



REGIONAL SUBSIDENCE

The evidence for broad regional subsidence
in the project area during extrusion of the basalt
is based on the observations that (1) the oldest flows
of the Yakima Basalt are exposed farthest away from
the Pasco Basin, and (2) there is a primary offlap of
many younger flows relative to the older ones. Al-
though the foregoing conditions might also be ex-
plained as being due to a decrease in quantities of
lava during the later extrusions, the writers concur
with the belief that either continual or periodic sub-
sidence caused these characteristics of the basalt
flows.

The direction of movement of most lava in
the project area was apparently northward or north-
eastward, based on the direction of foreset bedding in
pillow zones, the direction of bending of pipe vesicles,
and several other criteria (Waters, 1960, p. 350-366).
The regional thinning of the flows in a northerly di-
rection in the project area is an additional clue that
the flows spread to the north. All of these features
imply that the area of extrusion was south or southeast
of the project area, and that it may have roughly co-
incided with the center of the structural basin. Fea-
tures and criteria pertaining to regional subsidence

are described in more detail below.

FOLDING AND FAULTING

In the project area the Yakima Basalt is
complexly folded and faulted. The structures are
parts of tectonic deformations of the entire region;
consequently, many of the main anticlines, synclines,
and monoclines extend beyond the project boundaries,
especially westward. Three fold and fault systems are
present within the study area. The most prominent is
a system that trends almost due east; upon this are
imposed a north-northeast-trending system, and a

more subdued northwest-trending system.
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East-Trending Folds and Faults

The most prominent folds and faults occur in
the west-central part of the area and trend easterly.
Two long anticlines are expressed topographically by
the Saddle Mountains and the Frenchman Hills. These
two uplifts are separated by an asymmetric syncline
which is referred to herein as the Othello Basin. South
of, and parallel to, the Saddle Mountains, another
deep east-trending asymmetric syncline (Wahluke syn-
cline) is indicated by data from several deep wells.
North of the Frenchman Hills lies the saucer-shaped
Quincy Basin, which in turn is bounded on the north
by the Beezley Hills monocline, the Pinto Ridge anti-
cline, and the Soap Lake anticline (W. E. Walcott
and G. E. Neff, unpublished U.S. Bureau of Recla-

mation administrative report, 1950).

Saddle Mountains Anticline

The elongate and asymmetrical Saddle Moun-
tains anticline extends 70 miles eastward from near
Ellensburg to the Othello Channels; the 45-mile-long
segment east of Sentinel Gap lies within the project
area and is the most intensely faulted in the area.
The degree of deformation increases westward along
the axis. For descriptive purposes, the ridge within
the project area is subdivided into an eastern part
that extends from the Othello Channels to the west
side of the Corfu landslide, a central part that extends
westward to the west end of the Smyrna Bench, and
a western part that extends thence westward to Senti-
nel Gap.

The overall structural geology of the Saddle
Mountains is that of a broad (1 to 4 miles wide) asym-
metrical anticline. In its eastern part, the structure
has a steeper northern limb (fig. 31A), and locally
in the central part it has a steeply dipping south limb
and an overtumed north limb. The western part of
the Saddle Mountains (fig. 31C) consists of both an
asymmetrical anticline and northward, a syncline,

the north limb of which terminates in an 1,800-foot-
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FIGURE 31.—Diagrammatic sections across (A) eastern, (B) central, and (C) western part of the Saddle
Mountains, showing generalized structural configurations. Tyl, lower basalt, undifferentiated;
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high fault=line escarpment east of Beverly.

The gently undulating crest of the anticline
in the eastern part declines eastward from an altitude
of 1,800 feet at the Grant-Adams County line to
about 1,150 feet, where it plunges eastward into the
floor of the Othello Channels. About 2 miles west
of Eagle Lake, a subordinate monocline separates
from the main anticlinal axis. The monocline is a
sharp flexure on the north limb of the anticline that
causes the basalt to stand vertically (fig. 31A) near
Linda Lake in the SEZ sec. 30, T. 15 N., R. 29 E.
The monocline cannot be traced westward from the
east end of the Taunton Terrace because of a cover
of Ringold clay and loess.

In the central part of the Saddle Mountains,
the anticlinal arch is 2 to 2% miles wide. The south
limb there dips as much as 65°, while the north limb
is also steeply dipping but partly faulted (fig. 31B)
and partly overturned. Prior to landsliding and fault-
ing west of the Taunton Terrace, this north limb prob-
ably was continuous with that described at the very
eastern end of the range.

" In a zone just south of the Smyra Bench,
the west-trending flexure is represented by the steeply
dipping flows in the faceted spurs along the fault-line
scarp. The attitude of these flows contrasts with the
flat-lying flows exposed at the north side of the bench
and at the crest of the mountain.

The fault along the north limb of the anti-
cline is a nearly vertical shear zone that parallels the
eastward trend of the Saddle Mountains (Grolier and
Bingham, 1971). The fault zone extends westward
from the bench near Corfu along the fault-line scarps
through a gully in W3SW% sec. 34, T. 16 N., R. 25
E., at the west end of the Smyrna Bench (Grolier and
Bingham, 1971). From there it continues westward,
under the talus of the north-face fault-line scarp of
the western part and across the Columbia River just
north of Sentinel Gap. The vertical displacement

along this fault reaches several hundred feet in secs.
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3,4,and 5, T. 15 N., R. 26 E., where the spur
ridges of the upland are sharply truncated and the
small valleys above the fault are "hanging.” Along
this fault, the Saddle Mountains have been uplifted
sufficiently to permit shallow slumping from the spurs,
along the steeply dipping flows, onto the down-
dropped Smyrna Bench in secs. 1, 2, 3, 4, and 5,

T. 15N., R. 26 E., along the north limb of the
anticline.

The multiple scarps which bound the Smyrna
Bench on the south side are from one-half to less than
a quarter of a mile north of the main fault. The verti-
cal displacement along these scarps is opposite to that
of the main fault, so that a narrow graben (fig. 31B)
separates the Smyrna Bench from the fault-line scarp
along the north slope of the Saddle Mountains.

At the extreme west end of the Smyra Bench,
the Yakima Basalt and the Vantage Sandstone Member
are overturned and dip about 60° southward (Grolier
and Bingham, 1971) on the north side of the main
fault zone. Immediately south of the fault zone there,
the Vantage Sandstone is vertical and unbroken. Far-
ther south, (uphill) the lower basalt flows are over-
turned. The overturned flows north of the fault zone
are considered to be slump blocks, which came from
the overtumed fold to the south and which have slid
about 500 feet over the sedimentary rocks of the Ring-
old Formation underlying the Smyrna Bench (Grolier
and Bingham, 1971, and Bingham and others, 1970).

The western part of the Saddle Mountains
consists of the main anticlinal arch and about 1% miles
to the north, a subordinate syncline (fig. 31C). The
anticline is intensely fractured by high-angle faults
that trend nearly eastward along the summit and along
the limbs. The south limb, especially throughout T.
15 N., R. 24 E., is cut into blocks by several small
faults, and is further complicated by slumping. A
transverse fault trending approximately northward cuts
through the anticline in secs. 15and 22, T. 15 N.,
R. 24 E. (Grolier and Bingham, 1971).
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The subordinate syncline trends eastward and
is subdivided by northward- and northeastward-trending
cross folds into three small synclinal basins. These
three small structural basins are underlain by sedimen-
tary rocks of the Beverly Member of the Ellensburg
Formation, Saddle Mountains Member of the Yakima
Basalt, fanglomerate assigned to the Ringold Formation,
and loess.

A steep escarpment, rising as much as 1,800
feet above the level of Lower Crab Creek at Sentinel
Mountain, truncates the north limb of the east-trending
syncline from Sentinel Mountain to the west end of
the Smyrna Bench. The stratigraphic displacement
along the escarpment at Sentinel Mountain exceeds
1,000 feet. The escarpment was interpreted by Russell
(1893, p. 96) as due to a fault and by Calkins (1905,
p. 37-38, 42) as due to the erosional removal of one
limb of a sharp flexure. Laval (1956, p. 126-128)
stated that, at least on the west side of the Columbia
River near Sentinel Gap, the lower flows have been
thrust northward over the Priest Rapids Member. How-
ever, the critical relationships are hidden under talus
and sand dunes, and the scarp is interpreted as a
near-vertical fault by Grolier and Bingham (1971).

The top of the escarpment is marked by an
erosional surface that truncates the basalt and sedi-
mentary rocks folded in the synclines and the sub~-
dividing anticlinal flexures (fig. 16). The erosional
surfaces are underlain in places by a layer of massive
caliche or elsewhere by a 10~ to 20~foot thickness of
fanglomerate and composed of angular basalt fragments
cemented with caliche, which caps the truncated
basalt and overlying sedimentary rocks. The caliche
cap also is deformed and folded by the north-trending
flexures (fig. 17).

Away from Sentinel Gap the Saddle Moun-
tains Member underlies the crest of the anticline and
most of the east-trending syncline to the north, in
secs. 2, 3, and 4, T. 15 N,, R, 24 E. Near Sentinel

Gap many basalt flows have been removed by erosion

from both limbs of the anticline. The Roza Member
also crops out on the north limb, where it is exposed
in small gullies cutting through the cover of loess in
the E}SEZ sec. 1, and the NANE} sec. 12, T. 15 N.,
R. 24 E. The south limb of the Saddle Mountains anti-
cline is deeply dissected by gully erosion, and the
Roza Member also crops out in the SEX sec. 8 and the
NW2 sec. 16, T. 15 N., R. 25 E. For 2} miles east
of Sentinel Gap, the Saddle Mountains Member and
the underlying Beverly Member of the Ellensburg For-
mation are stripped from the crest of the anticlinal
arch.

The rest of the Saddle Mountains to the east
are unusual in that the uppermost members of the Yak-
ima Basalt underlie the crest of the mountain and have
been partly removed from its flanks by erosion. This
structural and erosional anomaly is due not only to
the broad arch and the steep limbs of the Saddle Moun-
tains anticline, but to cross folds of low amplitude and
long wavelength that produce undulations along the
crest. The undulations partly control the erosion pat-
tern, and the basalt that is stratigraphically the highest

occurs in shallow synclines or sags along the crest.

Frenchman Hills Anticline

Within the project area, the Frenchman Hills
anticline extends from the Columbia River to the north=
ern part of the Drumheller Channels. The ridge is
slightly arcuate southward and is formed by a slightly
asymmetric anticline that is characterized by a short,
steep north limb, where the flows dip as much as 60°
northward toward the Quincy Basin, and by a long
gently sloping south limb that represents the north
flank of the Othello synclinal basin.

The crest of the anticline is gently undulat-
ing. The crest is offset about 1% miles in the SW4 T.
17 N., R. 26 E., as shown on the geologic map of
Grolier and Bingham (1971); the nature of the struc-

tural complication responsible for this offset is hidden



beneath sedimentary cover.

At the western end of the Frenchman Hills
within the project area, 31 miles west of the Drum-
heller Channels, the north limb of the Frenchman Hills
anticline apparently has been thrust a few hundred
feet northward in the SEX sec. 32, T. 18 N., R. 23 E.
(geologic map of Grolier and Bingham, 1971). The
thrust plane is exposed in a roadcut along the east-
bound lane of Interstate 90, and shows the Frenchman
Springs Member thrust over the brown tuffaceous sand
of the Ringold Formation.

The Frenchman Hills anticline continues east-
ward into the eastern part of the Drumheller Channels.
In the Drumheller Channels, the anficline is succeeded
northward by subordinate shallow synclines and anti-
clines, the northernmost of which is an anticline called
the Lind Coulee flexure by Bureau of Reclamation
geologists (F. O. Jones, unpublished U.S. Bureau of
Reclamation administrative report, 1945). The Lind
Coulee flexure was not traced east of the Drumheller
Channels, but it probably continues eastward, and
merges with another fold, thus accounting for the high

ridge immediately south of Lind Coulee east of Warden.

Lind Coulee Fault

The Lind Coulee fault is one~quarter to three-
quarters of a mile north of the Lind Coulee flexure in
secs. 3, 4,5,and 6, T. 17 N., R. 29 E. (geologic
map of Grolier and Bingham, 1971). This low-angle
thrust fault crops out east of, and lies under, the Pot-
holes Reservoir. The thrust plane is poorly exposed
except along the south bank of Lind Coulee in the
SWisec. 5, T. 17 N., R. 29 E. At this locality,
the Roza basalt is intensely sheared and thrust over
brown tuffaceous sand of the Ringold Formation; the
thrust plane there dips about 10° southward.

Pinto Ridge Anticline

Two asymmetric anticlines lie in the extreme

northern part of the project area. One of these flex-
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ures, named the Pinto Ridge anticline by Bretz (1932,
p. 3) extends eastward past Long Lake beyond the
project boundary.

The Pinto Ridge anticline is faulted along
The Pinto Fault (fig. 32)
partly truncates the north limb on the east, just inside

parts of its north limb.

1y - LA -

FIGURE 32.—View looking east along Spring Coulee,
showing scarp of the Pinto Fault. (U.S,
Bureau of Reclamation photo, 1949.)

the project boundary, and the Dry Coulee Fault (fig.
33) partly truncates it at its western end, as shown on
the geologic map of Grolier and Bingham (1971). The
upthrown block is on the south side of both faults.

Soap Lake Anticline

Also in the extreme northern part of the
project area is the Soap Lake anticline, whose axial
trend is normal to Lower Grand Coulee at Soap Lake.
This anticline extends é miles eastward from the Beez-
ley Hills monocline to Dry Coulee. The anticline is

asymmetric with a steeper south limb.

Minor Sags and Anticlinal Flexures

East-trending structural sags and associated
small anticlinal flexures are best displayed in the cliffs
above the Columbia River gorge, west of the Quincy
Basin. Prescabland and scabland stream channels in
that area were formed subsequent to this folding; the

locations of Potholes Coulee and Frenchman Springs
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Bureau of Reclamation photo, 1949.)

Coulee are controlled by east-trending sags in the
underlying basalt. At least one additional sag lies
between these two coulees, which explains the outlier
of Roza basalt on a bench otherwise underlain by the
Frenchman Springs Member, in the NW% sec. 31, T.
19 N., R. 23 E. The highest parts of Babcock and
Evergreen Ridges coincide with the east-trending anti-
clinal flexures between the sags; the east wall of the
Columbia River gorge is eroded convexly eastward
across sags, and convexly westward across anticlinal
flexures.

In the eastern part of the project area, the
course of many coulees now deeply entrenched into
basalt possibly was controlled by gentle eastward-
trending folds in basalt. Some of these coulees are,
from north to south, Crab Creek valley, the lower
part of Rocky, Bowers, Lind, Washtuecna, Old Maid,
and Dunnigan Coulees.

Northeast-Trending Folds

Folds that trend northeastward in the project
area include the Lynch Coulee anticline and syncline,
Beezley Hills monocline, an unnamed monocline across
the Lower Grand Coulee, and minor sags and interme-

diate anticlinal flexures in the eastern part of the area.

o o -5

FIGURE 33.—View looking southwest across Dry Coulee, showing trace of the Dry Coulee Fault. (U.S.

Lynch Coulee Anticline and Syncline

The Lynch Coulee anticline and syncline,
northwest of the Quincy Basin, are asymmetric, tight
folds that trend approximately N. 30° E. They are
in alignment with the upper and lower bends of a mono-
cline west of the Columbia River (Don Walcott, writ-
ten communication, 1956).

The southeastern limb of the anticline dips
gently into the Quincy Basin, whereas the northwestern
limb dips up to 60° to the adjacent syncline. The
syncline, asymmetric in the opposite direction, has a
gentle northwestern limb which grades into the long
slope that extends southeastward from the south wall
of Moses Coulee (outside the project area). The
plunge of the syncline is southwest within the project

area.

Beezley Hills Monocline

The Beezley Hills monocline, along the
southeast- and south-facing slope of the Beezley Hills,
extends northeastward and becomes the Coulee mono-
cline north of the mapped area. Approximately 2%
miles southwest of Ephrata, the monocline bends ab-
ruptly westward and continues in that direction just

outside the project area.



The Coulee monocline, first recognized by
Calkins (1905, p. 38), illustrated by Bretz (1932,

p. 60-68), and mapped by W. E. Walcott and G. E.
Neff (unpublished U.S. Bureau of Reclamation admin=
istrative report, 1950) lies mostly outside the project
area. It is a continuation of the Beezley Hills mono-
cline starting northwest of Little Soap Lake, but it
has been almost completely obliterated by the up-
coulee migration of recessional waterfalls of the Dry
Falls cataract. The islands in Lake Lenore and north-
ward to Blue Lake (out of the project area) are the
remnants of the dipping flows. On those islands the
basalt flows dip about 50° eastward, in sharp contrast
with the near-horizontal altitude of the flows exposed
along both walls of Lower Grand Coulee.

The Beezley Hills=Coulee monocline is a
principal tectonic structure of the northern part of
the Columbia Plateau. The basalt in it is several
hundred feet below its general position on the high
plateaus to the north. The monocline is deeply dis-
sected by gully erosion. Erosional removal of basalt
along the slope of the monocline amounts to several
hundred feet.

Unnamed Monocline Across Lower Grand Coulee

An unnamed monocline trends northeast from
the site of its merger with the Beezley Hills-Coulee
monocline about half a mile south of Little Soap Lake.
The monocline passes into the high-angle Dry Coulee
Fault about 5% miles northeast of the Coulee monocline
(fig. 33). The Dry Coulee Fault in tum continues for
another 4 miles into the south limb of the Bacon syn-
cline. The Bacon syncline, recognized and named
by Bretz (1932, p. 3, fig. 1), also trends northeast
at the northern border of the project area, in T. 23
N., R. 28 E., and continues northeast for many miles
along the south side of the Coulee monocline.

The unnamed monocline in effect lowers the
altitude of the Yakima Basalt several hundred feet
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from the High Hill anticline, the next structural fea-
ture to the north. The flexure is sharpest at its west-
ern end, in the east wall of Lower Grand Coulee
(W. E. Walcott and G. E. Neff, unpublished U.S.
Bureau of Reclamation administrative report, 1950).
There, erosional truncation of the Frenchman Springs
Member and many flows of the lower basalt reveals

flows steeply dipping to the southeast.

Minor Sags and Intermediate Anticlinal Flexures

Northeast-trending sags in the eastern part
of the project area can be recognized in the field
where loess is absent as in the scabland channels. The
best examples of these are in a scabland tract in T.

22 N., R. 29 E., and also in parts of Black Rock
Coulee. The structural sags provided the lower divides
through which the Lake Missoula floodwater overflowed
out of the Crab Creek valley. The anticlinal flexures
were not crossed by the floodwater, and are still over-
lain by brown tuffaceous sand assigned to the Ringold
Formation. Farther southeast, the parallel southwest-
ward trend of many coulee segments suggests that a
part of the drainage was controlled by these minor

sags.

Northwestward-Trending Folds

The northwest-trending fold system is the
least pronounced of the three systems observed in the
area. These structures with northwest trends were
observed in the project area, and are described as
follows:

1. In the northwestern corner of the Quincy
Basin, Crater Coulee trends northwest, normal fo the
synclinal valley occupied by Lynch Coulee. Appar-
ently, Crater Coulee was formed along a structural
sag in the basalt.

2. About 25 miles north of Beverly, the
basalt flows dip 3° to 4° SW. in the bluff. At the
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south end of the outcrop, the basalt, at the northern
edge of the gravel cover, dips to the northeast. This
sag in the basalt may be a continuation of the
northwestward-trending Rye Grass syncline on the
west side of the Columbia River.

3. A low northwesterly-trending anticlinal

hump may be present in the basalt exposed south of

Ephrata, largely in secs. 3, 4, and 10, T. 20 N,, R. 26 E.
4. The main axis of the Pasco syncline trends

northwest, based on the altitude of the basalt surface

reported in well logs. This trend also is reflected in

the structure contours on the Ringold conglomerate

(fig. 21), indicating that the conglomerate also was

involved in the regional deformation.
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APPENDIX |

WELL-NUMBERING SYSTEM

Wells and test holes used in this report are designated by Geological Survey
numbers that indicate their location according to the rectangular system for subdivi=
sion of public land. The numbering system is illustrated below, using well 20/25-
14N1 as an example. For that well, the numerals preceding the hyphen indicate
the township and range north and east of the Willamette meridian and base line,
respectively (T. 20 N., R. 25 E.). The first numeral after the hyphen indicates the
square-mile section in which the well is located (sec. 14), and the capital letter
indicates the 40-acre tract within that section. Within each 40-acre tract, the wells

are numbered serially according to the order of well inventory.
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APPENDIX Il

SELECTED DRILLERS' LOGS OF WELLS,
WITH STRATIGRAPHIC INTERPRETATIONS

Thickness Depth

(ft) (ft)
9/30-18B1. U.S. Government Naval Air Station.
Altitude, 416 ft. Drilled by Durand & Son, 1943.
Casing, 20-in. to 1,045 ft.
Pleistocene:
Fluvial and lacustrine deposits:
Fluvial gravel:
ETOVEL e T U 0 5 i o R A L A SR e s AT 23 23
T 11 - A e e S Yo I 8 31
Sand, fine with gravel ....vvevieiiiiiiiiiiiinnnnnnas 22 53
Sand, FiNB s oe csvvwnsman swvnosovoswmes T — 17 70
Sand, MediUmM. .ouveeenrensennsasssssssnas T 5 75
Ringold Formation:
Conglomerate:
GTEVEL. . sseesonnaseesvesessessaseisiinsses R 5 80
Sand and gravel, cemented ....evviriiinienns - 11 91
Sand, gravel and boulders .............. e A 25 116
Sand and gravel, 100S€ vvvvreneeiiieiiiiiiiiiiiaenanns e 120
Sand and gravel, partly cemented.............. B 6 126
Lacustrine clay:
Shale, sandy, Gray ...eeeeseesesssossasessssssssananss 26 152
Cloy; yellow . cioiisnimins viavs s gipsasivaspsmsaass - 8 160
Shale, gray....co.euu. o e e orerpe 15 175
Shale, blue..eosereeceecssssssosennsssssscsesesaacaes 7 182
Shale, hard. ....vvu... S AR e e B 3 185
Pliocene-Miocene:
Ellensburg Formation and Yakima Basalt; undifferentiated:
Basalt;: black. s onsssesis i suviseseinesaiasiie wie daevae 15 200
BouGE: GRAY 4 o siirsis s aains oot sisauinsesma s sme e wne 38 238
Basalts. BIGCK cvsmusmwemamen smemoms wainseees i ss s s mees 42 280
Basalt, broken, with gray shale...... Gl AR T e P | 301
Basalt, creviced...iseeissnsssiesisnsoonosnnnsnasesane 33 334
Basalt, gray ........ AR e T A A 8 8 O ETBTAT 77 411
Shale, green..eeeessssessssassessveccrssosscaanasanas 19 430
Basclf, QEQIY: s iila e o i e iasacsia o n miem el e e B AT e 126 556
Rock, rotten, and blue shale ... ..ovveiiiiiinninnnnnnnns 13 569
Rock "shell"......... R T 4 573
Shale and vock s ceevcoasosnessssisce e R N R 2 575
Shale, graen:ssacciswsuvsssvossrossenses R T 5 580
Basalt, broken, black, with shale SO S e o1 SR 30 610
Basalt, Gray; sesssisavseis LT A S 30 640
Basalt, black .iiuisiecwssnnmons T P et BT 24 664
Basalt, gray .......... eeeaens o SR R GRS 38 702
Shale; dak. e cimmvissvorisspsswpanees RS veee. 13 715
Shale, with shells ......... i e e e SN R S R 5 720
Basalt, broken, gray...ccevesseacsriossssecsiancnsnnse 20 740
Basalt, dark, gray.seeeeseeeesossssanssassssssanonanes 5 745
Basalt, gray ceesissaaciise g e el 60 805
Basalt, broKen, SONAY e esesenncncsnassasssscnnes Y 5 810

Continued



APPENDIX [I—Continued
Thickness Depth

(ft) (ft)
9/30-1881 —Continued
Shale; green cocicisuiiiisvissnesnesinnesssssesessss 10 820
Basalt; gray . i ivinsvievamiisise B P AP er 3 823
Shale, green v.uuvuueeeeeeniiniieeensssnsesannanns 22 845
L, ey 39 884
Basalt, Broken i ivesaasvnsnesivesisemsnsaeessmden 6 890
Shale, green +uuueeeeeeeiiinieneeensnnneeneaannns 15 905
Basalt, groy s sscsineivesnassesssessemessesseansenesn 5 910
Shale, greeh wuneimmrmrsriaa e s e s S 20 930
Baiscilte, BRokEn yumommarsaonsseeatsmmmsuaim s smeses s R 5 935
L e e P S 2 937
Basalt, gray and green shale ....vvviveevivecnconesnssns 8 945
Basalt, broken, dark.....vvververnernnnnnn.s et et e 22 967
Basalt, broken, and gray shale ....vvuvnuennnn... - 10 977
Basalt; -broken ..vauaive e s R R 14 991
Shale, dark v.veveeeienenennnnnn. e e e 4 995
EShell:" hardz iiveessemememens e — e 1 996
Basalt, hard, gray............ S e e e 10 1,006
Bostl, idark o 0w oomenaamsnnsaees sansvyees sseseee s 46 1,052
Basalt, gray coueunerseereeeenennnernerrnnenseeneannans 39 1,091
Basalt; blackwsuumvssessmviiiais R R AT 57 1,148
Basalt, gray s.ceeesevensseiis S S e Ry 156 1,304
Shale, green...uueeeeiieeeienennnnnnnneerennnnnnnns 9 1,313
Basalt, broken, with gray shale....vviuueiinnnnnnn... e 4 1,317
Shale, gray.vveesvwsensswreis sesevasonvvevsesiviaves 7 1,324
B LT R T T 1 1,325
Shale ;s gréenia s visine sunimasivns v saaii v dres et 6 1,331
"Shell," hard, green shale and rock in thin layers......... 11 1,342
11/29-5N1. West 15 Domestic Water Co.
Altitude, 915 ft. Drilled by V. E. Dilley, 1957.
Casing, 8- to 6-in. to 804 ft.; perforations, 576-640 ft.
Holocene and Pleistocene:
Loess and fluvial and lacustrine deposits, undifferentiated:
Topaatls.covanon worisaenissii s s oo ieess ssiesses e 18 18
Pleistocene:
Ringold Formation:
Lacustrine clay and silt:
Caliche . vttt ittt ite et eie i ereierennnsannnss B 22
C oy, oo varveies s Uinie su ni B s S S AR SR R hea S 18 40
RPN s o oo 6 it s MmO o B B R S L 90 130
Sand........... S, e L RS W T 6 136
Clay, brown.......... oy NS e b i 16 152
(2] 170 7 SO o Sy S S S 21 173
Clay, yellow .vuvuiuiueniunieiiniieiniieieninannnns 13 186
Sand, brown...... R TR LT N T 61 247
Clay, gray, contalfs sond «..veeseisssesssvesssssssises 53 300
Clay, brown e eeseeuensenreneeirensessnsensenenns 40 340
Clay, black, with a little gravel +..vuveineennnnennnnnn. 20 360
Clay, gray, and sand «veuveeeenesnnnnnrenenns S 15 375
Sand, brown....... s — N —— 25 400
Clay,: brown seasissssasinesisvesssvssoss R T A 12 412
OENATOCK, " BrOWI «ossaomiiasnssnioses s s sssesisosss 28 440

Continued
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APPENDIX [I—Continued
Thickness Depth

(Ft) (ft)
11/29-5N1—Continved

"Sandrock," blue..... T P T T e L T TT o o L o ey 10 450

Conglomerate:
Sand and gravel, water-bearing at 576 ft. .. .ivvunennnn.. 135 585
Gravel and brown clay ...covvunuunnn. S ———— Y 5 590
Sand and gravel, water=bearing .........0v0uunn e 42 632

Lacustrine clay:
Clay, contalns grivel « cueeave coesns ses svonennns vasrnss 8 640

Pliocene-Miocene:
Yakima Basalt:

Saddle Mountains Member:
Basalt, Black .eneecseiniisaisssssrsnieisess e niss 25 665
Basalt; porous; BROWN: iviivevems s s s s ieneeines 15 680
Basalt. blagk cesmmsmmmenemnnmmesmmmmmmmmnswas e v s 55 735
Shale, green ....cccvuns S R R S R R 25 760
Clay,; Grayseesa s s vaelsus v eese o sown 1D 775
Basalt; BIAck .uiusivssumn s s s aneensmms seses waser 55 830
Basalt, gray «.oeveennn. P P B S TS 2T 3 30 860
Basall; black susvissnsmimuvemnyieem ey i seesminess 76 936
Basalt, black, some shale........... R e 34 970
Basalt, porous; Blagk: . ... sese swesessn i sssissssss 10 980
Basalt, E?ack ............................ R e 140 1,120

14/23-2A1. Priest Rapids Development Co.
Altitude, 776 ft. Drilled by Barnett & Barnett, 1956.
Casing, 12- to 10-in. to 455 ft.

Pleistocene:
Fluvial and lacustrine deposits:
Fluvial gravel:
Sand and gravel ........ S R A R A SRR A e 154 154
Ringold Formation:
Lacustrine clay and silt:

Clay coonvesssnnvnseneseonneresssssssssnsasisssssse 27 181
Conglomerate:

Cravel . swumaesae S T O A e O A S T 44 225

Gravel, sandy, cemented +..ovvvuuvranennrannns SR 84 309

Shale, sandy, water-bearing at 318 ft.....ccvvvivennnns 53 362

Sand and gravel, cemented . ..vvviierriiericiencaieans 60 422
Lacustrine clay:

Clay, brown..ceieieieieeriinenrrienrsnneciainsannnes 4 429

Pliocene-Miocene:

Yakima Basalt:
Saddle Mountains Member:
Basalt; broken ««cus ssass esweneesnmeesns e ssssnesmns 30 459
Ellensburg Formation:
Beverly Member:

Clay, blug i«cssisevsseesvrssossseonsosssnseensnseras 27 486
Sand and gravel, cemented . ...ciiiiiiiiiiiiiiiiiianns 48 534
Clay and shale.s.vvuveeireunniiniieiiiiiiannnnens 36 570

Yakima Basalt:
Priest Rapids Member:
Basalt, gray, water-bearing at 613 ff..oouvnueeanan. vees. 133 703
Basalt, hard, gray.-ceeeeeeeeiuiiisciarearrnnananacess ] 708

Continued



APPENDIX Il—Continued
Thickness Depth

(Ft) (ft)
14/23-2A1—Continued
Basalt, soft, water-bearing - ceocveeverrininnnnnnnnnnnnn 9 717
Brisailt;. hard), ey it sdesmiuse wessme s man smes eacne s s 19 736
Clay, blue sissvenmiavissisisavasiissnens SEE R 9 745
Basalt, gray, water~bearing +ceeeseeresesrenrsnsansanss 4 749
Clay, Blok cinsiiciisvasiionsuhimsevonsmmensesssnems 11 760
Basalt, gray ..vueie et s e 4 764
16/29-34D1. Chef Reddy Food Plant.
Altitude, 1,078 ft. Drilled by O. F. Zinkgraf, 1962
Casing, 20~ to 16~in. to 374 ft.
Pleistocene:
Fluvial and lacustrine deposits:
Fluvial gravel:
Gravel and bouldeis . scuveus s v vansessesesssiessss 17 17
Basalt, broken, andclay .....ouvirriiniiiiiinninnnnnn. 9 26
Ringold Formation:
Lacustrine clay:
Clay, hard, light tan .. ..oviiiiiiiirieiieranrennnnnnn 54 80
Clay;: bard, Jark Browiyce e sissive sosssssssssaseices 34 114
Clay, yellow, contains sand ; icceesisssinieieinsesves 11 125
Clay, yellow cuuuiinnieiiiiiiiiiiiieeenennnnennnnns 10 135
Clay, Y o sim i sl S e s R 21 156
Clay,: B . oo s s i o i esie i 4 160
Clay, OFOY s reesssasssssscassasssssassasasassas T RN 6 166
Clay, blue, contains sand .« cccvsiocivercincansancscans 9 175
Clay, blue, traces of basalt at 179 ft. c..ovvvvienninan.s 21 196
Pliocene-Miocene:
Yakima Basalt:
Saddle Mountains Member:
Basalt, brown. . ..oovrivinninrrinrenrenrenrenenannnnns 33 229
Basalt; veduissivivainviane s R e T 4 233
Basalt, medium hard, Brown ....c.eeeiviceioiscareansse 15 248
Shale, BrOWN «verssstnsrneransnsssesssssnncsessnnnans 1 249
Basalt, broken, and blue clay.......covvvunvnnnnnnnnnn. 9 258
Basalt, black, contains greenshale....cvvviiiiieannnans 30 288
Basalt, black, contains reddish-brown shale.............. 17 305
Basall, B1om suvansis s sovaorasmarss g seyeies e sebias 10 315
Basalt, with blue shale....covvrvveeinnniinnnenennn. . 6 321
Priest Rapids Member:
Basalt, medium hard fo hard, gray ..ccovvievraiiieinnnn. 15 336
Basalt,; medium:-hard, light tan i csevisiisisiisssvensea 4 340
Basalt, soft to medium hard (caving). . vvvuvveeeenennnnnes 34 374
Basalt, soft, and caving badly. ........... T 3 377
Basalt, medium hard, brown .......ciiviinieninienennnn 4 381
Basalt, black and gray vuuveieeieiiinieennenenneenennns 48 429
Basalt,-hondgray. i sivasninninrississvssindsunosats 26 455
Basalt . softer,. bladk sivinmisaivavnes seressmreiessases 48 503
Baselt, Hardy, IV o cuce snmmem v sans was s miemmre s sanmee 13 516
Basalt, soft, black, contains layers of green and
yellow shdle .. aievanamssamase e ST ) 543
Roza Member:
Basalt, hard; grayccisusivavsiisssannaesiunsise soinissns 74 560
Basalt, "honeycombed," black .....coouiiiiiiiiiiian, 45 605

Continued
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APPENDIX Il—Continued
Thickness Depth

(ft) (ft)
16/29-34D1 .—Continued
Basult; fiom; black viciivinieiviiiives s wesinsasaas 2 607
Basalt, loose and broken, black ....... o s e S B 18 625
Basalt, Fiin, Black .amewswseomemmunmearse e o sess 5 630
Basalt, soft to firm, black .. ccceveecierranessannccacans 12 642
Basalt, medium hard, gray.....covviivinvnnninneneannns 8 650
Basctlt, 1 Fo T A SR S 9 659
Basalt, medium hard, black ............................ 22 681
Basalt, hard; black.susiasesesessinavaivesysan e sves 3 684
Basalt, medium hard, Black ..o svismsnssmnmansmvesesemees 19 703
BRsalE, GOV o soemmosnnonesesesssss iisaisiinaaass 4 707
Basalt, hard, gray...ccceeeeeeccccccccacssocsoancances 26 733
Basalt, medium hard, caving, black.......cvvvvnuunnnnn, 13 746
Frenchman Springs Member:
Basalt, softer; black. iueiv cssnmsnmivanssios eamesin i 44 790
Basalt, hard, black....covvunvvnnnn... R Ta A A 53 843
Basali‘, SOTE BlAEKe . v ne e simramom o s oo s ionedns 340 B s 3 846
Basalt, hard black (caving shghtly at 891 f£.) evinnianes 75 921
Basalr, I0OS€. o e e sanvnnsnans e R - 1 922
Basalt . Doid oo memmammaemmmenmemsms S = 22 944
Basalt, soft, caving badly .o.vvuvnnnn... SRS AR 55 999
Vantage Sandstone Member:
Sand AN CloVwovmme mmmsinn swne e sne s sarmispinacn Bbedd 3 1,002
Shale; green.....sssvsissivivonneess e 1 1,003
Lower basalt, undifferentiated:
Basalt, medium hard, black............. I g = 2 40 1,043
17/25-23K1. U.S. Bureau of Reclamation
Altitude, 1,227 ft. Drilled by B. L. Price, 1955-57.
Casing, 12-in. to 80 ft.; é~in. liner, 818 to 839 ft.
Artificial fill:
Caliche and basalt gravel (fill from Frenchman Hills
tunnel excavation) ...cevivuinnns B T— 6 6
Pleistocene:
Ringold Formation:
Lacustrine clay and tuffaceous sand:
Caliche and basaltic gravel .. .....coviviiinrnnrnnannas 14 20
Sand, fine, calcareous, chiefly quartz, brown............ 30 50
Silt, sandy, light brown.....ccovieeneienccnnnninncannss 10 60
Clay, compact, green to lighttan ......covvieevenn... S 8 68
Pliocene-Miocene:
Yakima Basalt:
Priest Rapids Member:
Basalt, slightly weathered, dark brown to black........... 9 77
Basalt, dense, hard, DIOCK e« v e eeeennannnnnnnnnanes 13 90
Basalt, medium hurd, slightly iron-stained, dark gray...... 30 120
Basalt, vesicular, black coveeiiiiiiiiiiiiiiiiniinnnan, 30 150
Basalt, medium hard, dark gray to black «vvvvevecennnnnss 40 190
Basalt, weathered, broken, brown ..... B I 6 196
Basalt, scoriaceous, iron-stained ......... e e 44 240
Roza Member:
Basalt, medium hard, with broken zones, black........... 65 305
Basalt, vesicular, dark brown.............. S e 4 309
Basalt, medium hard, dark gray ......... e e e 34 343

Continued
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Depth
(ft)

Thickness
(ft)
17/25-23K1 —Continued
Basalt, broken, vesicular, black to brown ............... 3
Basalt, brown to black vevveveivnineirriainnnanan, 11
Frenchman Springs Member:
Basalt, scoriaceous, soft, broken, brown.......c.cvvunun. 13
Basalt, slightly iron-stained, medium hard, black ......... 20
Basalt, black tobrown ...euniinenrii i 25
Basall; hard; graysssssaspnssssmasein s maea ane s 34
Bosalt, joinfed; griy e smessessmenmnes wae e saeaesess é
Basalt, hard, SRV coeresaesensmnme nemme s s e yonsse 29
Basalt, jointed, brown to black........coieviiiiiniiian. 26
Basalt; very hard; gray....cicivessissveiveiveciseiesi 20
Basalr, Jointed, black, cersvmrveensnsrasssensnnnnonsons 5
Basalt, hard, dense, black....coovvuiivnininniiniiins, 64
Basalt, vesicular, hard, black......ccociiiiiaiiiiiiiian, 3
Basalt, jointed, medium hard, brown ...o.vvviiiiinana... 6
Basalt, dense, hard, gray to black ........cocoiiiiiaan, 40
Basalt, vesicular, broken, brown to black................ 11
Basalt, hard; dense; black. « o vswvsnsessscosansansnnse 26
Vantage Sandstone Member:
Basalt, interflow, vesicular and opaline minerals.......... 28
Lower basalt, undifferentiated:
Basalt, hard, black:... :s:6 e iisine s samsis 35
Basalt, jointed, blagk . cissueiveivmasnirmosivivmeae 10
Basalt, hard to very hard, black ..ovviivviniiiiiinnnns, 44
Basalt, vesiculur,rﬁlcck .......... B N I T B 1T 10
Basalt, medium hard, black . .covviieinninninnannnnan. 20
Interflow,: chiefly opal «ueecrswes cnsmunans sene esesesras 3
Basall, hetd, O10y ... .o iseessansdicsnssmismissinissns 10
Basalt, weathered, dark brown . .....ccvveviiiiiianaas, 12
Basalt, gray to blackiv.ewsseesssassmnsesomsaessavsasos 51
Basalt, hard, broWwn .o .e.eescenssenesssesesisssssis s 36
Basalt, dense, very hard, black, ........ccooiiiiiiaaas, 13
19/26-11J1., A, E, Lund. Altitude, 1,254 ft,
Drilled by A. Lund, 1949. Casing, 12-in. to
400 ft.; perforations at 185, 240, and 270 ft.
Holocene:
SOU] 1.0 0mvinsinin e mime siwiniesm mmmimimsaio winmmimmmm braiibuboe, &, S7H8:5 050 8 4
Pleistocene:
Fluvial and lacustrine deposits:
Fluvial and lacustrine sand:
Sand s e e S e R e e 143
Ringold Formation:
Tuffaceous sand and silt:
Sandstone, water-bearing. .....ovvveiiiiiininennananns 143
Lacustrine clay:
Clay, blUs ruemeniorsnresmsionssisssmiinesmayeinssis 110
Pliocene=Miocene:
Yakima Basalt:
Priest Rapids Member:
Basall: iacsesismasiiasnesmei @risie R evs 60
Basalt;. veddish=broWn cewisnssnaeesman smms e s-wns swe s 20
Basalt, hard, tested 20 gpm at 486 ft. ovvivuevenrnnnnns 20

346
357

370
390
415
449
455
484
510
530
535
599
602
608
648
659
685

713

748
758
802
812
832
835
845
857
908
944
957

147

290
400

460
480
500

Continued
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APPENDIX Il—Continued
Thickness Depth

(ft) (ft)
19/26-11J1—Continued
Basalfy; poroussssvissaiveissiemessiive SRR e e 10 510
Basalt; soff; red:u;scssnmimiamnmesesaseisii AR 9 519
Basalt, hard, black .. vvvveueeniiiiiiiiiiiienernnnnnnns 21 540
Roza Member:
Basalt and clay: ceesvsssvainiissnsenaninisssossniosses 15 555
Basalt, gray s«cessseescsccntscancsenrrssensssanscencss 10 565
Basalt, porous. cseceevessosscncarssntssacsocncaossnnses 32 597
Basalt, water-bearing:«veeeevrereiiinieiiiiinieiiennns 17 614
Bastlt; hatd s sereumsmmnsvasssmvsnssonmasssmnse e 33 647
Basalt, broken, and blue clay . ..vvvveininniiieninnan, 15 662
Frenchman Springs Member:
Basalt, hard; Blue « ciseussmsonineen oo nnonsmnemanesees 33 695
Basalt, creviced, water-bearing......c.cciviiiiiinianinn, 10 705
19/28-15Q1. City of Moses Lake. Altitude, 1,070 ft.
Drilled 1950. Casing, 16-in. to 132 ft.
Holocene:
Sotluussssenvvasa T TR 8 R RS B R R TR A 2 2
Pleistocene:
Fluvial and lacustrine deposits:
Fluvial gravel:
2 ] T S SR e 8 10
Cravel and boulders ...ovviiiienrnrneriocennencnnnnans 4 14
Bouldarsiue vimiaiiamin sdomeivaa ey g ia s asar e s i 4 18
Boulders and coarse gravel v oo veviurrerierenerannaenans 3 21
Gravel,. COarses i is it v ssn i s s s R e 3 24
Cravel;dry coesya s o e ess s s 8 32
Sand and: GrAVE] s emsmisss mine me wwm s e e ums e s mmiovine s 10 42
BoULdOrs, v oo ot s i st B i svia s sin A s SR SR 11 53
Ringold Formation:
Lacustrine clay:
Clay, sandy, yellow ..cocevuvereiiiacasccecasnnanns 11 64
Tuffaceous sand and conglomerate:
Grtivel; 10088 g mmanismssenimsmesmmesaseere v 1 65
Sand and GROVE] reeesienmenoeeasnsmemensnssisisns e 9 74
Cravel and broken basalt .. ..ooviviiiinvnenneanen. 6 80
Pliocene-Miocene:
Yakima Basalt:
Roza Member:
Bosalt; browh [68ving) cauvissnsvecissvonssswsnaonsae 22 102
Basalt, broken, blue .. vvveerrinerereniinccaanaans 8 110
Basalts blues oo s ssmiciiisssnmainsiraispaivigiod 5 115
Basalt blue (cavitig)csssvssniwimne vonsvis svamimaa e 7 122
Basalt, créviced, blug .. s sonsaswsensenssmoesransnss 10 132
Basalt; hard, blueiesivessainnssnasssiesesssssssineseis 11 143
Basalt:;: black sivamesimsvmpiupeanvessine e 15 158
Basalf, creviced, dark .c.ovceeieeinencrncenresesccnans 28 186
Basailt, blusis o s ssiaeiansisnmasvoiaedimsasonehsanesies 14 200
Squaw Creek Diatomite Bed:
Shale; BlOg. e cewmnsrsecnenansnesonssaenenommenssmeens 5 205
Frenchman Springs Member:
Basalt, creviced, blue cacieuiericiinriaseosssrvansnnas 20 225
Basalt, hard, blue . ceeceesssessonseesnesnnseesensnones 36 261

Continued
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Thickness
19/28-15Q1 .—Continued (Ft)
Shale, blue..vovuu..... R R R R R e e 4
Basalt, broken, blue........... T 27
Basalt; hard; blUes s vsnannasnssesisemisasnzinnassss 9
Basalty GOV wuimwme: v o e mice e o sieseeesss @55 s s e 47
Basalt, broken, blue....cvuuinireriiriiiireirininnnnnas 16
Basalt, tvay ssenadennsnvsveaisiahamind i dineieiine 23
Basalt; blue ...vavsusss 0 B R R e R e A RS 56
Vantage Sandstone Member:
Clay; bluecssisasseowens SRR e R 7
el N e o e LS L e LR D S 8
Lower basalt, undlfferenhcted
Basalt; broken; blue ..ocvisansiisinsiieeneiiasiins éas 18
Basalt, hard; gray suesssnermnnrssnsnsnissseeim e 122
Basalf broken, blue ...... A O RO S T e 7
Busuft black: naie s isineinisimness st smenseseesvas 51
Basalt, creviced, Black. ... xvmessersensensensonernes 14
Basalt, broken, black .....coviurniiiiiiinineninennnns 84
Basalt, hard, blue v.oivvinviiiiiiiiiiiieirennnnn. 8
Basalt, hard, dark ........ e R R e e e e e s 61
Basalt, dark (caving) ....vvueus. e Y R R (S <
Busal’r hard; dark oo soesesesssmesmeeneeseessssnons 19
Basalt dark (cavmg) ................................. B
Basalf 17 ip: - S 23
Basalt, hard, L 36
19/32-31C1. Henry Gering. Altitude, 1,469 ft.
Drilled by Joy Drilling Co. Casing, 12~in. to 20 ft.
Holocene and Pleistocene:
Loess:
Topsoil s nwesavsesves e e R e e 10
Pliocene-Miocene:
Yakima Basalt:
Roza Member:
Basalt, black, water-bearing . vvevevivnnrerenrnnnnns 53
Basalt, gray..sseeerecncannaes R e T e &7
Basalt, brown, water-bearing........covevviniinnan.. 30
T L e e N 50
Basalt, broken....cvvuiun... SR E e e e e e 45
Begally 0. ava e s s R T e e R 25
Besstilt,. BYOKEN, e mviimwmmms sioiscses e e 48
Basalt, gray....covevvveennnnnn. T L AT R 48
Basalt, broken........... R e I T e W e h 6
Vantage Sandstone Member:
Shale, black «ouvrirnrrsirrieirererrsrsnensnananns 40
Lower basalt, undifferentiated:
Basalt, broken, water-bearing.....ovvveriennrnnenn. 22
Basalt, gray...coveeevennnnnnnn. e 6
20/25-8P1. R. M. Anderson. Altitude, 1,242 ft.
Drilled by G. C. Hoff, 1918. Casing, 10-in. to 150 ft.
Holocene:
e e 0 T N SR R 3

APPENDIX Il—Continued

Depth
(ft)

265
292
301
348
364
387
443

450
458

476
598
605
656
670
754
762
823
827
846
850
873
909

10

63
130
160
210
255
350
398
446
452

492

514
520

3

Continued



85

APPENDIX ll—Continued

Thickness Depth
20/25-8P1—Continued (F_t) (ﬁ)

Pleistocene:
Fluvial and lacustrine deposits:
Fluvial and lacustrine sand:
Sand, coarse, black «vveevienneriiiniiiiiiiiiiiiiiin 20 23
Ringold Formation:
Tuffaceous sand and silt:
Silt and "limerock" .. vviviiiiiiiiiiinnn, TR S e 130 153
Pliocene-Miocene:
Yakima Basalt:
Roza Member:

Basalt, black iiceseivisiosiasissivesissssisiesonesaiis 40 193
Basalt, hard, gray .ceseseesessesssasassasasnneseessose 32 225
Squaw Creek Diatomite Bed:
Diatomite sassisciavsiee e susedsnionisnsenie s 5 230
Frenchman Springs Member
Basalt, "honeycombed," block, woter-beoring ........... 10 240
"Petrified wood," ogotized c.vvuiiiiniiiaiiaianns I | 250
POaE ciuiiaais osis ave i slaserd e i aa i aa e e e e e o e 20 270
Basalt, black +veeevriveececercnscanrinaecroneersoanes 50 320
Bascl‘r, 'honeycombed, " black, water-beoring ........... 10 330
Basalt; block .isvasiesssenmimaevius SR A N R W 60 390
Bosoli', "honeycombed, " woter-bearing ....ioieiiiiiaan 20 410
Basalt, black «..csvseinssannasoacossis e e e 20 430

23/28-4D1. U.S. Bureau of Reclamation (Long Lake Damsite
Test Hole 25). Altitude, 1,538 ft.
Drilled by U.S. Bureau of Reclamation, 1946.

Measuring point above land-surface datum ..oovuvuninnannns oévneis 3 3
Pleistocene:
Fluvial and lacustrine deposits:
Fluvial gravel:
Sandiand 'gravel .. ciicsissesii s SRR 27 30
Pliocene-Miocene:
Yakima Basalt:
Priest Rapids Member:

Bosalt; vesteular s s s s e e s aieis 8 38
Busalt T A eeeeaaes 13 51
Bcsult, vesicular; flow contact ab 56 fe .o iicssossion S 5 56
Basalt, very vesteulor s uuissivsisvsvnsanviaveeiesiiess 14 70
Bc:s'::ltJr VEET CUNGE: 2y ssriiacs o st aoperessmioreinerermemin e A 5 13 83
Basalt, slightly vesicular ..ooiuuiiiiiiiiiiiinniinnnnnn, 6 89
Basalt, dense; flow contact at 115 ft. ...o.ueiiiiiinnnnens 26 115
Basalt, vesicular csssssesessssossonsananassssonsancens 32 147
Quincy Diatomite Bed:
Ash, white and palagonite....oovveviiiniininnnaecannn, 3 150
Roza Member:
Basall, vesicUlar . ccosivurovesssvenonaanosesoansiesssess 33 183
Basalt, dense «cie s eisiiaivesvsiaiuasevesissesseseses 17 200
Basalt, dense «vovvvnnns e e e ae (2 o s ettt ooy 36 236

Continued



APPENDIX II—Continued
Thickness Depth

(Ft) (ft)
23/28-4D1.—Continued
Frenchman Springs Member:
Basalt; vesicularuesnissssvnsmiswmssaine s e 10 246
Basolt dense; flow conracr at ‘267 T canvinweaminieieis 21 267
Basalt vesicular v ee i, s 9 276
Busalt, Hense vsmevvvia s me s e T e e s e 14 290
Basalt,; vesteolarviaivauiaicivesvivassns e R 11 301
T i P R — e weeea 7 308
Sand, black, and green mud ... ovvviiiiiniiiiiiieaan 6 314
Basalt, vesicular seaumsviminaiieeasvesemsesvasssssioigs 17 331
Basalt, dense «vvuvuurreereernnnsensersaennnnnnsensanns 7 338
Basalt, vesicular........ SR R SR e 4 342
Batsall; dense i sivevivimnsinn e ey ey 10 352
Ash and vesicular fragments. .. ..o vviiiiiiiiiiininane.. 1 353
Basalt; denseiisassidvvaisnaivnisaiinissssnssnssissia 3 356
Basalt; vesicularisesecivamsnsmiewisvemaiviai veds 2 358
Lower basalt, undifferentiated:

Basalt, frcgmental with brown crystalline material ....... 7 365
Bc:salr decoOMPesed i weiie s it T e e S T RS 3 368
Bascrlt, ves:curor ..................................... 19 387
Basalt: slightly-vesicularzzinsiszisnsissmisiarisiis 12 399
Basalt, vesicular, calcite in seams; flow contact at 427 ft.. 51 450
e T T T e 17 467
Basalt, vestcular..ovaasvmais v saneismasssassisivia 2 469
BAsh, Ton; flow contact. e swies pasirs ey e sisie 4 473
Basalt, very vesicular...... S B RSN S R AR 4 477
Noueore: ¢iesuismsme it s s rr e e i 2 479
Basal; vesicolar i msnenesiiaeesianes vaemmyei s s s 4 483
Basalt, dense «vovvererennneernnrennnneeseannnnnsnnens 4 487
Basalt: vesicularsivimimes i siiarsistes s s sas s 8 495
Basalt, dense, yrlte TRSBOME ooy mats niaisinreds i e biv el iaistols 14 509
Basalt, umygdur BUAL oniore o neomeiiie e A S A AN 6 515
Basol i eanse «usiam v oo e st om 0 ol o 5018 588 et o 2 517
BasclY, vesicular: suvusaswninmaims v i s s 2] 538
Basalt, slightly vesicular.............. R AR 16 554
Bosaltr dBnse Sis sis i i st e e es s tie Setie b smie minse 70 624
Bosalt; vesicolar s sannsisiivnscos svve e e 4 628
Basalt, dense; flow contact at 635 ft. vvvvvveenneernnnnann 7 635
Bosalts vesteulon sss s G i i is s 5 s s dse e o e 5 640
VIS SR v e wsaasvo-asiie oo aiae o et e o W B e T e 2 642
Basalt, vesicular and cemented breccia. .vvvvenrunninnrns 4 646
Basalt: vesToular e s ot e e ide s dmems e msis o S i s s 10 656




APPENDIX [l

DEPTH INTERVALS OF STRATIGRAPHIC UNITS

AS PENETRATED BY SELECTED WELLS

Depth intervals, in feet below land surface, interpreted from drillers’ logs and surficial geology

Glacio=
Well Altitude | fluvial Ringold Saddle Mountains Priest Roza Frenchman Vantage Lower
number (Ft) sand and  conglomerate Member Rapids Member Springs Sandstone basalt
gravel Member I\&mber Member flows
9/29-21M1 360 0-28 seia s 5 o £ T
9/30-18H1 410 0-65 65-140 220-10437 . os 5 e
20F1 420 0-65 65-200 200-10307 v.oe . A n Ve
9/32-8G1 448 0-120 120-210 oy P s e
10/29-8K1 645 . . 299-463 3 o3 Vs =
9R1 614 . . 249-388 . ok s -
10D1 686 ces 195-290 290-618 — ES = v
11K1 660 o 245-397 . - i 5
15M1 566 i vsie 195-352 . o =5 i
1901 508 4-173 210-238 . o e .
10/30-18G1 539 0-50 75-135 135-716 et . - -
11/29-211 927 st 300-459 . — e .
16A1 N6 e e 375-960 3t - . vie
17N1 891 dk 400-475 475-565 . 5 v - wiue
20N1 890 waiw 417-610 610-936 . vie . e
26P1 707 wis 201-304 309-426 i s v o
3101 862 400-540 540-725 2 wus . -
11/30-3L1 770 e e 45-105 : -
6B1 780 cee 142-196 W . -
7D1 848 e 281-427 FINA sidle i
1081 765 s W 5-115 v ; "
k™1R]| 626 7-15 S 15-400 400-526 e .
12/28-24N1 396 S 18-85,127-155 2056937 720?-7557 = = .
12/29-301 822 . 258-317 i 7 S =
401 856 “ee e 298-463 - - ¥ as e
7N1 588 z 190-215 267-465 - . Be 48 i
12N1 935 328-430 . . S . e
20N1 860 —_— 296-340, 356-380 380-540 . .. ves e S
12/30-5E1 966 el 245-451 - e we . -
1581 820 “ae 5 20-210 o ae arww viee
18C1 965 oo 343-600 % e . .
18R1 970 o wae 260-519 .l e - v ke
19A1 816 e 34-106 . e s sias
2161 803 7-15 i 15-211 . i o —_n
Hn 755 24-87 e 87-276 aie - o e
13/28-13N1 952 561=1111 1117-1119 “to - asion
13/29-20N1 982 St iaia 520-870 alis o e ik
23M1 695 =5 s 42-310 e s o F
13/30-29A1 888 1-43 i 65-275 287-540 ves M3 : e
14/23-2A1 776 0-153 225-309,362-422 429-459 570-764 . e @i
36L1 550 3-142 v 142-1957 199-350 . i s
14/25-1D1 660 T see 355-798,905-924 e : Z s
2181 640 0-25 343-407 520-522 i . ) s
14/27-24C1 862 wes aea 589-1261 1291-1396 5 wes X,
14/30-2A1 1170 s e 133-387 riid . : Ve
Z7n 942 . 1-340 360-381 Vs wew sen
15/26-2801 770 . 275-660 788-892 : 'Y .
15/27-5)1 635 21-100 e . ’ dudid wes
5R1 726 0-128 133-358 — = s BT
32E1 730 wse . 277-765 846-1034 1034-1123 . s K
34L2 697 e e 208-350 350-604 604-636 - .
15/28-6M1 632 9-13 . 13-131 172-176 S .
BE1 855 s . 252-371 414-415 — .
15/29-3D1 1091 a . 212-363 363-574 574-693 e
4P1 992 ae o 102-163 197-335 o .
9E1 967 8-57 ¥ 160-259 i "
1881 N9 3-41 PN 132-330 360-495 -
27E1 959 2-45 135-222 232-400 &
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APPENDIX 1ll—Continued

Depth intervals, in feet below lond surface, interpreted from drillers' logs and surficial geology

Glacio-
Well Altitude | fluvial Ringold Saddle Mountains Priest Roza Frenchman Vantage Lower
number (ft) sand and | conglomerate Member Rapids Member Springs Sandstone basalt
gravel Member Member Member flows

15/30-4M1 1149 .o “ww 138-338

10P1 1227 < > 160-300 306-518

23H1 1195 Ewe b 51-145 170-408 408-497 497-748 748-763 763-850

33A1 1173 st ale 266-343 360-480 s
15/32-13D1 1216 e 4 e 8-172 172-175 175-602
16/24-1G1 1215 = s A 25-205 205-315 340-710 710-748 748-800
16/25-1Q1 1030 e ves 40-179 254-475 481-575 575-917 i alals

1 1194 i Srea 41-112 i R i

16/27-12M1 980 &4 i 92-191 210-300 % X
16/28-4B1 1020 iy o 3-160 167-179 1y - e

5H1 1076 - e 75-149 v . e 3

5N1 1000 . aere 66~180 214-290 Ve . aee

6P1 1048 i oG 124-262 - G

7K1 960 70-200 .
16/29-34D1 1077 A a 196-315 321-516 543-732 732-999 999-1003 1003-1043

4R 1116 i 3 178-311 339-561 571-725 725-900 ves —
16/30-16L1 1226 . e 25-80 80-229 vt

18A1 1190 e r 47-277 281-392 —
16/30-31R1 1142 - i 148-250
16/31-35J1 1450 - - - e 55-157 157-403 403-478 478-901
17/25-31 N1 1192 i o 26-110 s
17/27-31D1 1170 - o~ 132-215 270-470 470-580 580-810 S
17/28-31L1 1139 e _— 70-163 195-230 e

33C1 1102 5-24 25-168 3l o
17/30-2Q2 1179 ) % o aiis 10-1%0 190-191 191-255

9N1 1238 25-48 o Suh 48-159 179-319 Peg

12H1 1253 s i s Heta 44-170 170-178 178-350

33K1 1344 i Sit e 37-246 246-628 628-634 634-1002
17/31-8R1 1249 2 Phict R 62-155
18/23-36H1 1302 . P e 102-209 228-375 375-498 498-505 505-670
18/24-32D1 1239 e P Rl 30-160 180-220 248 By

32N2 1320 ans g = 135-255 280-374 374-425

33Qn 1239 e 60-168
18/28-2E1 1142 3-42 e ae 41-90 90-187 226426 426-465

4D2 1067 - . S 43-100 100-190

4D3 1077 - e o 57-115 .

24G2 1138 o - 146-194 194-350 350-546 .

24K) 1142 e wis 110-219 219-335 335-453 . .

26F1 1110 0-70 e W 141-312 312-455 455-7 " ?-801

260 1154 0-19 - e 112-160 .
18/29-1A2 1274 _— o v 30-238 238-348 348-510 .

181 1243 - o3 e 15-181 181-320 320-542 . dinye

L8 1260 s i S 12-288 288-390 390-616 P

6R1 1164 o - el 32-156 156-283 283-525 ek winw

11A2 1251 s s e 28-159 159-270 297-527 527-547 547-648

17P1 1170 0-42 i s 90-294 300-342 i e .

33H1 1138 0-957 T o 130-175 190-210 FEE
18/30-3A2 1140 T ae i 109-266

16R1 1206 0-60 ‘e ory 113-185
18/31-4G1 1190 Vel i i aa# 46-267 267-282 282-293

13R2 1462 o 3 v Ve 29-148 148-391 391-428 428-613
18/32-28C1 1484 e . e 55-143 143-265 265-553 553-587 587-616
19/24-3B1 1235 3-54 . o 54-186 s e

70 1256 ain L Ve 167-2677 267-7 ?-502 s son

28N1 1225 5-8 & .o 80-210 v v

28N2 1224 5=11 A 80-140 i i
19/26=11J1 1254 0-147 P 400-540 540-647 647-705 . .
19/27-4M3 1126 ou 139-270 270-378 o . .

7A1 1182 0-100 . 236-302 302-392 392-570 - .

7N 1166 2-65 . 203-256 . .

7K1 1165 3-70 205-242 T . .

8C1 1150 0-30 140-180 190-210 .e

12A1 1124 i T 121-205

18R2 1136 2-63 Pt 208-250 .
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APPENDIX Ill—Continued

Depth intervals, in feet below land surface, interpreted from drillers' logs and surficial geology

Glacio-
Well Altitude | fluvial Ringold Saddle Mountains Priest Roza Frenchman Vantage Lower
number (ft) sand and | conglomerate Member Rapids Member Springs Sandstone basalt
gravel Member ember Member flows
19/27-19R1 1122 2-20 166-225 ™ i
20F1 1077 0-40 wwid 99-207 sos Yok
26B1 1108 0-85 150-237 AR ces
19/28-4P1 1179 0-106 e 200-260 271-4157 4157-748 Gis ese
6M4 1082 0-40 115-197 197-263 P .
7E1 1122 2-102 555 155-208 5 e o
12K1 1192 2-68 82-118 118-218 228-329 or
13R1 1201 2-25 m oo 71-137 150-260 260-475 475-488 488-568
14H3 1082 e 7-47 95-112
15Q1 1070 2-53 - o ie 80-102 102-200 205-442 442-458 458-909
2282 1072 0-41 - weie 40-154 154~-270 275-528 528-545 545-763
24H1 1200 26-29 wes 126-144 144-257 257-345 -
24Q0 1202 2-70 -~ 91-140 140-260 -
25C1 1196 2-64 e 110-145 145-270 270-293
27H1 1090 cwis wirs s sae 97-3367  3367-650 650-689 489-1045
28K4 1073 0-12 i i Sk 44-2757 275-665 665-690 690-1000
29N2 1056 0-74 wiee i 48-145 145-330 342-688 688-696 696-800
34GI1 1152 2-40 s 90-162 162-3817? 3817-419 vee
19/29-1G1 1240 Wi aiis 24-227 227-240
7Al 1200 13-113 153-170 s
9H1 1300 i e TS 47-223 232-239 242-588 588-605 605-637
22E1 1294 T e iy 15-225 245-320 325-525 525-560 560-585
22R1 1282 i 50-157 205-2907 290-560 - Ty
29A1 1188 o O SEe 30-80 88-208 235-410 410-432 432-486
19/30-32N1 1278 G e v 23-125 125-332 332-345 345-351
35K1 1170 oun aee 35-239 239-264 264~360
19/31=16H1 1414 s 12-1427 142?-3077 3077-565
19/32-19N1 1290 ca wuie cee s 28-53 53-290 290-302 302-411
19/32-31C1 1469 10-160 160-453 453-492 492-520
316G 1438 oy o S i 48-140 140-403 403-438 438-445
20/23-1Q1 1358 e sen - pee 60-170?  1707-404 404-430 430-505
11H2 1335 -—- - vits oo 45-2287 2287-442 442-475 475-1000
12A1 1336 vinie . 25-105?7 1057-345 345-355 355-370
120 1324 . — i ?-388 388-391
22M2 1338 - sl i il 54-159? 1597-412 412-420
25E1 1300 sin o 48-168 175-447 447-452 452-480
35A1 1290 - i e o o ?-405 405-411 411-414
20/24-6E) 1376 vea aiais ?7-408 408-420
20/25-3R1 1272 15-160
5N1 1292 saw 38-138 138-310
6D1 1408 ok S 31-91 91-245
8P1 1242 3-23 i ves i 153-225 270-430
10E1 1202 s .o 16-62 65-92
16J1 1228 2-55 i 80-100 155-228 oo ses
16K1 1226 0-40 160-212 ax v .o
20A1 1184 2-15 . 120-7 ?-260 275-415 s
21A2 1226 0-40 Sor et e 219-324 339-555 i 555-652
20/26-21A1 1242 0-95 - o 256-290 290-390 392-416 B, iea
22P1 1248 0-70 — 350-387 e
20/27-28D1 1120 0-25 v 100-170 s
20/28-2N1 1237 s 72-88 wae aiefe .
1381 1274 0-59 e aa 59-97 97-203 e .
13Q1 1275 S e 103-126 e .
16R1 1152 0-78 92-113 e ves
17G1 1155 3-64 89-153 153-212 s
26N2 1106 0-30 iae S 30-46 49-80 _—
32C1 1195 0-123 e P 176-185 200-3107 3107-4807 480-725
32n 1187 0-88 i it 177-223 225-293 294-496 496-532 532-712
33E1 1169 0-85 v iie wa 142-2307 2307-418 4187-452 452-791
20/29-18)1 1279 0-50 = 50-80 iae i o
18N1 1278 0-52 P i 52-149 ses g
18Q1 1272 0-70 i ve 70-153 v e iae
19C1 1276 0-51 i s 51-168 S e i

2001 1277 0-50 i 50-172 .




90

APPENDIX |ll—Continued

Depth intervals, in feet below land surface, interpreted from drillers' logs and surficial geology

Glacio-
Well Altitude | Fluvial Ringold Saddle Mountains Priest Roza Frenchman Vantage Lower
number (fr) sand and | conglomerate Member Rapids Member Springs Sandstone basalt
gravel I Member Member Member flows
20/29-2711 1230 0-73 . vt — —_— 73-155 155-182 182-394
28C1 1288 v weie - 15-80 80-190 190-385 385-407 407-416
29D1 1270 0-? i o K 190-215 own -
20/29-29P1 1278 0-507? T 7 50-62 s
29P2 1277 e = 12-72
30A1 1274 0-? e e 160-216
20/30-35R1 1340 ol . A see 3-117 e
21/23-26H1 1700+ . ok IS % 4-88 88-133 133-310
21/25-27 )1 1780 e vie e 3 v 51-190 190-240 240-520
33H1 1509 is vee PP : 40-140 140-390 390-396 e
35P1 1396 n - mal : 35-85 85-288 288-293 293-312
21/26-10C1 1271 0-49 san e . 49-146
10G2 1290 0-67 e v 67-81 85-127
14L1 1288 0-80 ee — v 210-320 320-568 568-650 650-1025
15F1 1272 + ee o o 283-327 327-500
16B1 1345 ik s s . —_— 0-252
16B3 1345 s Wil . e _— 1-260
21E1 1490 e ie *td e 100-220 220-299 259-618
28K1 1230 5 s at 34-1497 1497-426 426-483 483-580
29F1 1542 Wi i e 15-85 85-335 335-345 aivie
21/28-2D2 1314 0-35 . e it 35-218 218-308 sae
35M1 1262 0-100 i 100-163 S
21/30-3E1 1684 it i 19-176 176270 270-451 wiee
22/26-13M1 1374 . ae wreth e aes 27-330
2411 1157 3-81 . s 96-345 345-400 400-435
2511 1202 0-90 2o ave oie 190-434 434~473 s
22/27-19N1 1118 0-54 A e ol 54-270 270-300 300-446
22/28-5C1 1366 5-225 . 3 A fia Sl 225-303
34H2 1339 0-60 . Sas 60-283
22/29-17D1 1633 e ey 24-142 142-217 217-384 384-421 421-625
23/27-14Q1 1270 . aee Sie e 25-400




APPENDIX IV

GRADIENTS OF THE RED MARKER BED AND BASALT SURFACE, AND

CHANGE IN THE THICKNESS OF THE RINGOLD FORMATION

(BELOW THE RED MARKER BED) IN RINGOLD COULEE

Location or Red marker bedg/ Top of basalt ng{::::l l::;mi:%r;dbelow
well numberl/ Altitude Gradient Altitude Gradient Thickness Decrease in
(ft above (ft per (ft above (Ft per (Ft) thickness
sea level) mife) sea level) mire) (ft per mile)
Well 12/28-24N1 850+ 205 645
(White Bluffs)
10 74 64
Location 13/29- 910 650 260
21 SEX (north
wall, Ringold
Coulee)

l/ Distance between sites, & miles.
After Brown and McConiga, 1960, p. 44, fig. 1.
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