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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative appraisals of
the major ground-water systems of the United States. The RASA Program
represents a systematic effort to study a number of the Nation’s most
important aquifer systems, which in aggregate underlie much of the country
and which represent an important component of the Nation’s total water
supply. In general, the boundaries of these studies are identified by the
hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in the
past. The broad objective for each study is to assemble geologic, hydrologic,
and geochemical information, to analyze and develop an understanding of the
system, and to develop predictive capabilities that will contribute to the
effective management of the system. The use of computer simulation is an
important element of the RASA studies, both to develop an understanding of
the natural, undisturbed hydrologic system and the changes brought about in
it by human activities, and to provide a means of predicting the regional
effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a series
of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the interpre-
tive products of subsequent studies become available.

Dllet 77 Hiseh

Robert M. Hirsch
Acting Director
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THE HYDROGEOLOGIC FRAMEWORK AND GEOCHEMISTRY
OF THE COLUMBIA PLATEAU AQUIFER SYSTEM,
WASHINGTON, OREGON, AND IDAHO

By K.J. WHITEMAN, J.J. VAcCARO, J.B. GONTHIER, and H.H. BAUuER

ABSTRACT

The Columbia Plateau aquifer system underlies about
50,600 square miles in parts of Washington, Oregon, and Idaho.
The aquifer system is a major source of water for municipal,
industrial, domestic, and irrigation uses. About 828,270 acre-
feet of water was pumped in 1984, 85 to 90 percent of which
was used to irrigate about 0.5 million acres of croplands. An
additional 1.3 million acres of croplands were irrigated with
surface water.

The Columbia Plateau aquifer system consists of water-
bearing Miocene basalt of the Columbia River Basalt Group,
minor amounts of Miocene sedimentary rocks interlayered with
the basalt, and Miocene to Holocene sediments overlying the
basalt. The basalts are underlain by sedimentary, igneous, and
metamorphic rocks older than the Columbia River Basalt
Group, dating from Precambrian to early Tertiary age. The
most important geologic units in the aquifer system are three
formations belonging to the Yakima Basalt Subgroup of the
Columbia River Basalt Group: from oldest to youngest, the
Grande Ronde, Wanapum, and Saddle Mountains Basalts. The
average total thickness of the basalts is 3,300 feet, with a
maximum thickness exceeding 10,000 feet in the central part of
the plateau.

For study purposes, the aquifer system was divided into
seven hydrogeologic units—the overburden aquifer, the Saddle
Mountains unit, the Wanapum unit, the Grande Ronde unit,
two confining units between the basalt units, and a basement con-
fining unit. The basalt units include the interbedded sediments.

Lateral hydraulic conductivity of the aquifer materials var-
ies widely, reflecting the heterogeneous nature of the aquifer
system. Estimated hydraulic conductivity values for the over-
burden aquifer range from 0.02 to 150,000 feet per day, and for
the basalt units, from 0.005 to 6,100 feet per day.

Discharge from the aquifer system occurs mainly as seepage
to surface-water bodies in topographic lows, as pumpage of
ground water, and as springs and seeps along canyon, coulee,
and valley walls. Except for the ground-water pumpage, dis-
charge cannot be accurately quantified. Recharge, which was
estimated by using a daily water-budget model, is about 6,000
cubic feet per second for predevelopment (1850’s) conditions and
about 9,490 cubic feet per second for current (1980’s) conditions.

Water levels in the uppermost basalt unit and in the overly-
ing sediments tend to paralle! the land surface, and ground
water moves generally from topographic highs to topographic

lows. Ground water in each hydrogeologic unit generally flows
from the peripheral boundary of each unit toward major surface-
water bodies, principally the Columbia, Snake, and Yakima
Rivers. Geologic structures such as faults and folds modify this
flow pattern. Ground-water pumpage has caused water levels to
decline more than 150 feet locally, and imported surface water
applied for irrigation has caused water levels to rise as much
as 300 feet in parts of the area.

Ground-water development began about 1890. Pumpage has
increased from an estimated 55,690 acre-feet in 1945, to
177,970 acre-feet in 1960, and to a peak of about 939,770 acre-
feet by 1979.

The water in the basalts is generally suitable for most uses.
The dominant water type is calcium magnesium bicarbonate,
followed by sodium bicarbonate water type. Dissolved-solids
concentrations increase down gradient and range from 69 to
1,100 milligrams per liter. Nitrogen concentrations range from
0.1 to 54 milligrams per liter and average about 3.7. Nitrogen
concentrations in ground water are greater in areas irrigated
by surface water than in other areas.

INTRODUCTION

The Columbia Plateau aquifer system underlies
the Columbia Plateau of central and eastern Wash-
ington, north-central and northeastern Oregon, and
a small part of northwestern Idaho (fig. 1) for a
total area of about 50,600 mi2. The aquifer system
consists of Miocene basalt belonging to the Colum-
bia River Basalt Group, Miocene sedimentary rocks
interlayered with the basalt, and Miocene to Ho-
locene sediments overlying the basalts. The aquifer
system is a major source of water for municipal,
industrial, domestic, and irrigation uses. Concur-
rent with ground-water usage, imported surface
water is used for irrigation in several areas of the
plateau. Use of surface water for irrigation has
caused ground-water-level rises of as much as 300
ft in some areas; water levels have declined more
than 150 ft in areas of ground-water pumpage, and
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the chemical quality of ground water has changed
in irrigated areas. An improved understanding of
the aquifer system, especially the movement and
direction of ground-water flow, is needed to fully
address these concerns.

PURPOSE AND SCOPE

The Columbia Plateau aquifer system is one of
several regional aquifers selected for study as part
of the U.S. Geological Survey’s Regional Aquifer-
System Analysis (RASA) Program. The objectives of
the Columbia Plateau study are to describe (1) the
hydrogeologic framework, (2) the hydrologic charac-
teristics of the hydrogeologic units, (3) the area’s
water budget, (4) the ground-water and surface-
water interaction, and (5) the water-quality charac-
teristics and water-rock interactions that occur in
the study area. In order to provide the analytical
capabilities for assessment of management alter-
natives and to allow a better understanding of the
ground-water flow system, a numerical model that
simulates ground-water movement has been
constructed.

This report documents the following information
collected from the study: (1) the physical, cultural,
and economic settings, (2) the geologic framework,
(3) the hydrologic characteristics of major geohy-
drologic units, (4) some components of the water
budget, (5) the regional ground-water flow system,
and (6) the geochemistry of the aquifer system.

PREVIOUS INVESTIGATIONS

Numerous geologic, hydrologic, and hydro-
geologic investigations within or including the
Columbia Plateau have been done. These investiga-
tions have laid the foundation for the work com-
pleted during this study. Smith (1901, 1903a, b, c)
conducted early geologic mapping on the plateau
and suggested stratigraphic nomenclature for the
basalts. His work was confined to the area of the
Columbia Lava delineated by Russell (1893, 1897).
Later investigators who expanded the knowledge of
the geology and nomenclature of the basalts
included Pardee and Bryan (1926), Fuller (1931),
Waters (1955, 1961), Mackin (1961), Grolier and
Foxworthy (1961), Bingham and Walters (1965),
Schmincke (1965, 1967a, b), Swanson (1967),
Bingham and Grolier (1966), and Diery and McKee
(1969). Starting in the early 1970’s, geologic inves-
tigations on the plateau were many and diverse.
The stratigraphic nomenclature report of Swanson
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and others (1979c) gives a good background on
these investigations. Finally, the work of Swanson
and others (1979a, b, 1981) was the basis for the
geologic work completed during this study.

Early water-resources investigations included the
studies of Calkins (1905), Waring (1913),
Schwennesen and Meinzer (1918), Piper (1932), and
Taylor (1948). Since the mid-1950’s, numerous inves-
tigations have been completed on the plateau. Some
of the more important reports and investigations are
referred to in subsequent sections of the present
report.
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PHYSICAL SETTING

The Columbia Plateau lies within the Columbia
intermontane physiographic province (Freeman and
others, 1945). It is bordered by the Cascade Range
on the west, by the Okanogan Highlands on the
north, and by the Rocky Mountains on the east; its
southern boundary is defined more by the extent of
the Columbia River Basalt Group than by any
physiographic feature. The Columbia Plateau is
drained by the Columbia River and its major tribu-
taries—the Snake, Yakima, John Day, Umatilla,
Spokane, Klickitat, and Deschutes Rivers. Al-
though physiographers refer to it as a plateau, the
Columbia Plateau is in reality both a structural
and a topographic basin with its lowest point near
Pasco, Wash. (fig. 1).

PHYSIOGRAPHY

The Columbia Plateau is underlain everywhere
by massive basalt flows having an estimated com-
posite thickness of about 14,000 ft at the plateau’s
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TABLE 2.—Mean air temperature data from selected weather stations, 1956-77

Mean air temperature,
in degrees Celsius

Mean air temperature,
in degrees Celsius

Station Minimum Maximum Average Station Minimum Maximum Average
Antelope 2.84 16.69 9.77 Hartline 2.58 15.85 9.22
Arlington 5.99 19.03 12.51 Hatton 9 ESE. 3.08 17.36 10.22
Boardman 5.27 18.46 11.86 Ice Harbor Dam 5.67 18.71 12.18
Bonneville Dam 6.65 15.86 11.26 Kennewick 5.80 18.82 12.31
Condon 2.19 15.43 8.81 La Crosse 2.95 16.73 9.84
Cove 1.02 15.61 - 8.32 Lake Cle Elum 1.43 12.51 6.97
Dufur 2.07 17.29 9.68 Kachess 141 12.29 6.85
Elgin 74 16.68 8.71 Keechleus .58 10.86 5.72
Enterprise -1.53 14.47 6.47 Lind 3 NE. 2.87 17.18 10.08
Fossil 1.11 16.66 8.88 Mansfield 7 W. 3.53 15.57 9.55
Government Camp .86 10.32 5.59 McNary Dam 6.57 18.21 12.39
Heppner 3.67 17.12 10.39 Methow 2 2.95 15.87 9.41
Hermiston 2 S. 4.65 18.54 11.59 Moses Lake 2.83 16.48 9.66
Hood River Exp. Sta. 4.42 16.14 10.28 Mt. Adams Ranger Sta. 1.89 15.17 8.53
Kent 2.64 15.29 8.97 Moxee City 10 E. 2.23 16.12 9.18
La Grande 1.86 16.00 8.93 Nespelem 2 S. 1.25 16.20 8.73
Mikkalo 6 W. 4.86 17.12 10.99 Odessa 2.14 17.27 9.71
Milton Freewater 5.98 18.45 12.22 Othello 6 ESE. 3.64 16.97 10.31
Minam 7 NE. -2.62 13.74 5.56 Pomeroy 3.84 17.08 10.46
Monument 2 1.44 17.98 9.72 Priest Rapids Dam 6.90 18.66 12.78
Moro 3.29 15.46 9.38 Prosser 4 NE. 3.63 17.50 10.57
Parkdale 2 SSE. 3.87 14.53 9.20 Pullman 2 NW. 2.64 14.18 8.41
Pendleton Exp. Sta. 3.17 17.63 10.40 Quincy 1 S. 2.88 16.74 9.81
Pendleton WSO AP 5.61 17.61 11.61 Richland 5.78 19.40 12.59
Pilot Rock 1 SE. 3.11 17.99 10.55 Rimrock Reservoir .35 13.34 6.85
The Dalles 6.06 18.37 12.21 Ritzville 1 SSE. 2.27 15.97 9.12
Ukiak -1.80 15.18 6.69 Rosalia 2.27 14.31 8.29
Union Exp. Sta. 2.06 15.38 8.72 St. John 2.34 15.77 9.06
Walla Walla 13 ESE. 2.14 14.91 8.52 Satus Pass 2 SSW. 2.46 15.27 8.87
Appleton 2.53 14.08 8.31 Smyrna 441 18.43 11.42
Bickleton 2.60 14.33 8.47 Spokane WSO AP 291 14.03 8.47
Bumping Lake -.38 12.32 5.97 Sprague 1.64 15.86 8.75
Chelan 4.57 15.52 10.04 Stampede Pass WSCMO .85 7.41 4.13
Chief Joseph Dam 3.78 16.34 10.07 Sunnyside 3.87 18.51 11.18
Cle Elum 1.37 14.32 7.84 Tieton-Headwork S. .84 13.72 7.28
Colfax 1 NW. 2.45 15.55 9.00 Walla Walla WSO CI 7.11 17.60 12.36
Connell 1 W. 3.57 17.91 10.73 Wapato 3.73 17.28 10.51
Coulee Dam 1 SW. 4.29 15.37 9.83 Waterville 3.46 15.42 9.43
Dallesport FAA AP 5.99 17.96 11.98 Wellpinit 2.36 14.69 8.53
Davenport 1.56 14.45 8.01 Wenatchee Exp. Sta. 3.38 15.89 9.64
Dayton 1 WSW. 4.21 16.99 10.60 Wenatchee FAA AP 3.75 15.84 9.80
Ellensburg 2.12 15.51 8.82 Whitman Mission 5.46 17.78 11.62
Eltopia 8 WSW. 4.07 17.57 10.82 Wilbur 2.48 15.59 9.04
Ephrata FAA AP 5.01 16.57 10.79 Yakima WSO AP 2.47 16.18 9.32
Goldendale 2 3.57 16.18 9.87

economic growth in this part of the plateau has
been steady.

The start of the Columbia Basin Irrigation
Project (CBIP) (see fig. 1) in 1933 and construction
of the Hanford Nuclear Reservation (located in
northern Benton County, Wash.) in the 1940’s
brought about a large influx of construction work-
ers and associated service industries. Water from
the Grand Coulee Equalization Reservoir became
available for irrigation in 1952, and by 1972 more
than 0.5 million acres in Franklin, southern Grant,
and eastern Adams Counties were being irrigated
by this project. More than 60 types of crops were

being produced commercially, including fruits, veg-
etables, and seeds. Major crops included hay and
seed, sugar beets, corn, potatoes, and wheat. Cur-
rently (1980’s), about 1.3 million acres of croplands
are irrigated with surface water.

A rapid and intensive expansion of deep-well ir-
rigation practices took place in areas not served by
the CBIP starting around 1950, although earlier
ground-water development had occurred in areas
scattered throughout the plateau. Some of the most
intensive early development of ground water was
in the Yakima River basin and near Walla Walla,
Wash. As ground-water pumpage increased, water
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oldest, (1) Holocene to Miocene overburden, a col-
lective term used in this study for all materials
overlying the Columbia River Basalt Group, (2) mi-
nor sedimentary units of Miocene age interlayered
with the basalts, and (3) a large thickness of
Miocene basalt belonging to the Columbia River
Basalt Group. The discussions that follow summa-
rize the geologic characteristics and are based on
previous work completed during this project by
Drost and Whiteman (1986), Gonthier (1990), and
Drost and others (1990). A generalized surficial
geology map and stratigraphic chart for the
plateau is presented in figure 7. Pre-Columbia
River Basalt Group rocks underlie the plateau and
are presumed to consist primarily of less permeable
rocks that form the lower hydrogeologic boundary
to the aquifer system. These are sedimentary, igne-

ous, and metamorphic rocks that range in age from
Precambrian through early Tertiary.

Basaltic lavas that make up the bulk of the
Columbia Plateau aquifer system were extruded
during the Miocene Epoch between 17 and 6 mil-
lion years ago from north-northwest-trending
fissures as much as 90 mi long chiefly in northeast-
ern Oregon and southeastern Washington (Hooper,
1982). Flows from these vents covered about 63,200
mi? of eastern Washington, northern Oregon, and
western Idaho to an average total thickness of
3,300 ft. About 95 percent of the basalt was
extruded in episodic eruptions during the first 3
million years of that interval. An estimate of the
duration and flow rate of a single large eruption of
the basalt (Swanson and others, 1975) suggests
that a fissure about 90 mi long spewed fluid lava
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BASALT STRATIGRAPHY SEDIMENT STRATIGRAPHY
Sediments of Miocene through
Holocene age (glaciofluvial, fluvial,
lacustrine, eolian, and ash fall
materials). Locally includes sediments
of the Palouse, Latah, Ringold, and
Ellensburg Formations, and the Dalles
Group (Farooqui and others, 1981).
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at a rate of 0.24 mi® from each 0.6 mi of vent over
a duration of about 7 days. The basalt in that
eruption flowed about 186 mi west and covered a
vast area of the plateau. It is assumed that many
of the flows in the Columbia River Basalt Group
were of similar or larger magnitude because some
flows extend to the Pacific Ocean, more than 340
mi from their known vents (Hooper, 1982).

Prebasalt topography in the vent areas had con-
siderable relief; early lava flows, therefore, filled
narrow prebasalt valleys and gradually smoothed
out the Miocene landscape. Later flows spread in
thin sheets across a flat, west-sloping paleosurface
having a few minor warps. It is likely that water
was present on this paleosurface, and the inter-
action between the water and overriding molten lava
caused rapid chilling and shattering of the basalt,
pillow lava complexes, and structural irregularities
from steam explosions within an individual lava flow.

Warping and folding of the plateau increased
late in the eruptive cycle, forming the Frenchman
Hills, Horse Heaven Hills, The Dalles—Umatilla
syncline, Blue Mountains uplift, and numerous
other geologic structures discussed later in this re-
port. A more detailed account of the structural evo-
lution of the Columbia Plateau has been presented
by Barrash and others (1983). Because these tec-
tonic activities were mostly in the western and
southern plateau, late basalt flows tended to be
confined to the central part of the plateau and
were restricted to narrow canyons near the plateau
margin. These younger flows have been buried
under sediments in many areas and are usually
more continuous areally than older basalt flows,
which have been thinned by erosion, cut by streams,
and affected by folding, uplift, and faulting.

Sedimentary interbeds are more common in the
younger basalt and were deposited in shallow lake
basins on the warped basalt surface between erup-
tive phases. Eruption of basalt ceased some 6 mil-
lion years ago, but folding, erosion, and deposition
of sediments has continued. The Cascade Range
has been the principal source of large quantities of
sediments and volcaniclastics, which have been
transported by air and water and deposited in ad-
jacent areas, reflecting the greater thicknesses of
overburden seen in the western part of the plateau.
Erosion is now the dominant process affecting the
Columbia Plateau.

OVERBURDEN

In this report, overburden is the term used to
describe a composite unit consisting of all rock
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materials 50 ft or more in thickness that overlie
the Columbia River Basalt Group and are impor-
tant sources of ground water. The thickness of the
overburden ranges from 50 to more than 2,000 ft,
with the thickest deposits occurring in structural
basins and in areas adjacent to the Cascade Range
(fig. 8). The overburden exceeds a thickness of
2,000 ft in the Grande Ronde Valley near La
Grande, Oreg., 1,200 ft in the Ahtanum Valley
near Yakima, Wash., and 1,000 ft in the Toppenish
Valley near Toppenish, Wash.

The overburden includes consolidated to uncon-
solidated deposits of fluvial, lacustrine, and vol-
canic origin ranging from Miocene to Holocene age.
The sediments and sedimentary rocks are lithologi-
cally diverse, ranging from clay to gravels and
shale to conglomerate from many different forma-
tions across the plateau; however, in any one area,
only a few formations may be present. In Oregon,
several major formations within the overburden
have been assigned to the Dalles Group by
Farooqui and others (1981), and this term is used
in this report. Other major formations composing
the overburden are the Ellensburg, Latah, Ringold,
and Palouse. Although these formations were not
mapped or studied individually during this study,
they are described briefly below.

Sedimentary deposits belonging to the Ellensburg
Formation of Miocene age are interbedded with the
basalt and also overlie it in the western and central
part of the plateau. The deposits that overlie the
basalt are thickest and coarsest along the west
edge of the plateau and become finer toward the
east, reflecting a Cascade Range source. They con-
sist of weakly lithified fluvial sand and gravel with
some lahars and sand, silt, and clay. They occur
chiefly in the Yakima River valley and are folded
with the underlying Columbia River Basalt Group
(Myers and Price, 1979). In the Yakima River val-
ley, the Ellensburg Formation reaches thicknesses
of several hundreds of feet.

In the northeastern part of the plateau and
within the Spokane River drainage, beds of the
Latah, Formation of Miocene age are interbedded
with and overlie the basalt. These sediments con-
sist mostly of finely laminated siltstone with some
claystone, the composition of which reflects the
pre-Columbia River Basalt Group granitic and
metamorphic basement rocks of the region. Al-
though the Latah Formation is as much as 1,500 ft
thick in places, it is generally much thinner and is
found mostly beyond the edges of the basalt plateau.

In the structural basins near Pasco, Quincy, and
Walla Walla, Wash., the sediments overlying the
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The dominant feature of the Yakima Fold Belt
subprovince is a series of narrow, asymmetrical
anticlinal ridges, trending east-west to northwest
and plunging east and southeast, that are gener-
ally separated by broad, flat-floored synclinal val-
leys. From south to north, the most prominent
anticlinal ridges are the Columbia Hills, Horse
Heaven Hills, Toppenish Ridge, Ahtanum Ridge,
Rattlesnake Hills, Yakima Ridge, Umtanum Ridge,
and Manastash Ridge. At the eastern ends of those
ridges, each ridge intersects or is sharply deflected
in a southeasterly direction along a 125-mi-long
zone that extends between Cle Elum and Wallula,
Wash. This zone is a segment of a larger lineament
known as the Olympic-Wallowa lineament that
extends northwest-southeasterly between the
Olympic Mountains in northwestern Washington
(more than 100 mi from the study area) and the
Wallowa Mountains in northeastern Oregon.

Principal anticlinal ridges in the Yakima Fold
Belt subprovince range in length from 35 to 150
mi. In general, folds in this subprovince are asym-
metrical, with amplitudes ranging from nearly flat
to overturned. Large segments of some folds are
cut by low-angle reverse faults that parallel the
ridges. Reverse faults cut both limbs of some anti-
clines and form box folds. This style of folding per-
sists north of the 125-mi zone between Cle Elum
and Wallula, but the folds diminish in amplitude.
The east-west and northwest-southeast fold trend is
crossed at right angles by sinuous folds trending
northeast, one of which is the Beezley Hills anticline.

In Oregon, south of the Columbia Hills, the
basalt dips toward the axis of The Dalles—Umatilla
syncline; this syncline roughly follows the south
shore of the Columbia River and forms a broad,
asymmetrical synclinal basin. The south limb of
the syncline is formed by gently north-dipping
basalt that forms the north flank of the Blue
Mountains anticline. Pre-Columbia River Basalt
Group rocks that form the core of the Blue Moun-
tains are exposed in a few places. The dip slope is
crossed by gentle monoclinal flexures; by broad,
open, small-amplitude folds; and by one or two nar-

row bands of tight asymmetrical folds. These fold

types trend east-west to northeasterly, roughly par-
allel to the axis of the nearby major structure, the
Blue Mountains anticline. A series of lineaments
trending northwest, narrow fold belts, and faults
with minor strike-slip displacements crosses the
southwest part of the fold belt and adds a promi-
nent structural grain to the region. Collectively,
the geologic structures in the Yakima Fold Belt
subprovince suggest that the folds were formed in
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a stress field in which the maximum stress was
oriented in the north-south direction (Reidel, 1984).
The eastern part of the Blue Mountains sub-
province was the vent area for much of the Colum-
bia River Basalt Group flows. It is a rugged,
uplifted area consisting of remnants of a plateau
surface and deeply dissected canyons with up to a
few thousand feet of local relief. The most promi-
nent structural feature is the broad-crested Blue
Mountains anticline and a belt of asymmetrical
folds that diverge easterly from its northeastern
end. The crestal area of the anticline is crossed by
numerous northwest-trending high-angle normal
faults, as well as by lineaments with no apparent
displacement. Southeast of this crestal area, cen-
tered near La Grande, Oreg., is a major graben
bounded by normal faults with a similar north-
western trend. The area south of the Blue Moun-
tains anticline and west of the graben is marked by
northwest- to west-trending, broad, open, low-
amplitude folds and, in places, by somewhat similarly
trending normal faults. East of the graben, the prin-
cipal structures are widely spaced normal faults.
Numerous linear, northwest/southeast-trending,
en echelon basalt feeder-dike complexes have been
identified in the southeastern part of the plateau
in both Washington and Oregon. Similar dike com-
plexes are believed to be covered by younger basalt
in these areas and possibly elsewhere. Although
they are not strictly a geologic structure, their
effects on the movement of ground water are simi-
lar to those of geologic structures. The feeder dikes
are commonly a few to several feet wide and many
miles long, and generally they are vertical to steeply
dipping. They tend to crosscut older basalt flows and
generally consist of dense, fine-grained basalt.

INTERNAL STRUCTURE OF BASALT FLOWS

Individual flows of the Columbia River Basalt
Group range in thickness from a few inches to
more than 300 ft (Swanson and others, 1979¢). The
internal structure of a typical flow consists of four
sections—the flow top, the entablature, the colon-
nade, and the flow base (fig. 19). The flow top
(called the interflow zone where superimposed with
the base of an overlying flow) generally is vesicular
basalt with scoria and clinker. The entablature
consists of small-diameter columns in fan-shaped
arrangements. Hackly joints are common, and the
upper part of the entablature is commonly vesicu-
lar. The colonnade is made up of nearly vertical
three- to eight-sided columns bounded by cooling
joints. The columns average 3 ft in diameter and
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25 ft in length. Columns commonly are crosscut by
systems of nearly horizontal joints, and a vesicular
zone is commonly present at the base of the colon-
nade. The base of the flow generally has a thin
zone of glassy basalt and may be marked by a zone
of pillow basalt. These four sections are usually
recognizable in individual basalt flows; however,
the degree of development of jointing in each section
varies markedly, both laterally within flows and ver-
tically among them. Colonnades and entablatures
range from poorly to well developed; typically, if one
is well developed, the other is barely recognizable.

BASALT ROCK MECHANICS

For regional ground-water investigations, the
most important rock properties are porosity, den-
sity, bulk and Young’s modulus of elasticity, and
permeability. Laboratory data are available within
the study area for these five properties. Laboratory
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Ficure 19.—Generalized diagram showing a typical basalt flow
in the Columbia River Basalt Group. (Modified from Swanson
and Wright, 1978.)
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values of permeability from core samples probably
are not representative of the fractured basalts;
however, initial estimates of hydraulic conductivity
based on specific-capacity data are presented in the
section “Hydraulic Characteristics.” Similarly, labo-
ratory values of bulk and Young’s modulus are not
presented because they were made for core
samples, and may have little relation to the values
of the composite skeletal structure of the basalt
flows. Information on porosity and density for the
Columbia River Basalt Group (Sublette, 1986) are
summarized in table 4. Most of the data are from
laboratory tests and investigations on the Hanford
Nuclear Reservation site in central Washington.

The porosity of basalt is dependent on chemical
composition of the basalt, temperature of extrusion,
rate of cooling, flow thickness, and degree of
diagenesis that the basalt has undergone. In dis-
cussing the hydrogeology of volcanic rocks, Wood
and Fernandez (1988) reported that, on the basis of
a worldwide sampling of volcanic rocks, basalts
have total porosities ranging from 1 to 70 percent
and that effective porosities have a much smaller
range than the total porosities, averaging less than
5 percent. According to Wood and Fernandez
(1988), the bulk density of vesicular basalts ranges
from 0.083 to 0.090 1b/in3, and that of dense
basalts from 0.098 to 0.105 lb/in3, with an average
grain density of 0.105 1b/in3. These values are simi-
lar to those given in table 4. An average porosity of
about 4 percent is indicated by the density values;
thus, the higher porosity values in table 4 indicate
that fracturing has increased the porosity, as sug-
gested by Wood and Fernandez (1988).

HYDROLOGY

The primary factors controlling the occurrence,
movement, and availability of ground water in the
Columbia Plateau are the hydrologic characteris-
tics of the geologic units underlying it, the climate,
and water-supply development practices. The fol-
lowing sections describe the hydrologic framework
of the Columbia Plateau aquifer system and, where
appropriate, relate the hydrology to the geologic,
climatic, and cultural characteristics that affect the
availability and quality of ground water.

RELATION BETWEEN GEOLOGIC AND HYDROLOGIC
FRAMEWORKS

The geologic characteristics of the rock materials
underlying the Columbia Plateau are varied and
complex because of formational, emplacement, and
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TaBLE 4.—Rock-mechanics data for the Columbia River Basalt Group (from Sublette, 1986)

[Density values given in pounds per cubic inch; porosity given in percent]

Grain Bulk Effective Total

Intraflow structure density density porosity porosity
Flow-top and vesicular zone!

Representative value ------------ 0.104 0.084 14.45 20.98

Range 0.097-0.101 0.065-0.10 1.60-41.60 7.20-35.80

Number of samples--------------- 33 171 163 32
Entablature and colonnade!

Representative value —-----—----- 0.104 0.102 1.85 2.85

Range 0.102-0.101  0.092-0.104 0.20-12.40 0.00-13.00

Number of samples--------------- 113 360 356 106
Entablature?

Representative value ------------ 0.107 0.101 1.73 6.23

Range 0.100-0.115  0.087-0.109 0.10-5.30 0.40-13.70

1Based on samples from wells located within a small area of the Hanford Nuclear Reservation.
2Based on samples from wells scattered throughout the Hanford Nuclear Reservation and on reports from

various investigations.

diagenetic processes. In order to define the occur-
rence, movement, and quality of ground water
within such a complex geologic system, it is neces-
sary to conceptualize and relate the geological and
hydrological frameworks into a simpler system, or
a conceptual model, that provides a basis for evalu-
ating the hydraulic characteristics, the ground-
water recharge and discharge, and the movement
of ground water in the Columbia Plateau aquifer
system. In order to accomplish this task, the fol-
lowing aspects need to be considered: the relation
of the overburden in the hydrologic framework, the
flow of ground water through the basalt, the relation
of the sedimentary interbeds, and the effect of geo-
logic structures on the movement of ground water.

Most of the lowlands of the plateau are basins in
which the Columbia River Basalt Group is overlain
by sediments and sedimentary rocks. These rocks
range from shales and clays to conglomerate and
gravel, but they are generally coarse grained and
permeable in their upper sections and finer grained
and less permeable at depth. They transmit water
readily and constitute a water-table aquifer where
they are saturated. The average hydraulic conduc-
tivity can be several orders of magnitude larger
than that of the basalt.

The movement of water through basalts is gov-
erned by numerous factors that affect the nature of
individual flows. These factors include the topo-
graphic surfaces over which the basalts flowed; the
erosional processes that occurred before, during,
and after extrusion; the deposition of interbeds;
tectonic activity; and diagenetic processes. For
example, lava flows that fill valleys and canyons
could leave a smooth surface for extrusion of later
flows. These later flows might have extensive lat-

eral continuity, but the earliest flows would be
localized. Tectonic activity, basin subsidence, and
formation of folds can distort emplaced lava flows
and affect the distribution of subsequent flows.
Moving water can erode flows, ponding water can
quench solidifying flows, and lava flowing into
standing water can form porous pillow-palagonite
complexes. Thus, the lateral continuity, thickness,
and composition of individual flows (particularly
interflow zones) are highly varied. The degree of
variation in the entablature and colonnade of a
flow further complicates the understanding of
water movement in the basalts.

The basalt is an extremely heterogeneous aqui-
fer unit that transmits water most readily through
the broken vesicular and scoriaceous interflow
zones that commonly constitute 5 to 10 percent of
the thickness of an individual basalt flow (fig. 19).
The interflow zones are separated by the less
transmissive and more massive entablature and
colonnade (fig. 19), in which the fractures are more
or less vertical. Lateral ground-water movement in
the entablature and colonnade is probably negli-
gible when compared with the volume of water that
moves laterally through the interflow zones. This is
because movement of water in the entablature and
colonnade is controlled by fractures and joint
systems, whereas movement of water in the inter-
flow zones is controlled by primary features such
as flow breccia, clinkers, and vesicles. Vertical
movement of ground water between interflow zones
is much less per unit area than lateral movement
but is large over the entire aquifer area. Vertical
movement of ground water varies because of the
structure of individual flows and the hydraulic
characteristics of the interbeds.
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The lithology of sedimentary interbeds between
basalt flows within a formation varies from shales
to sands and gravels. Except in the Saddle Moun-
tains Basalt, most interbeds within the basalt for-
mation are of a very limited extent. The interbeds
between the basalt formations are fairly extensive
laterally but are thin when compared with basalt
formations. These interbeds may be locally trans-
missive and function as aquifers, but in general
they probably impede the vertical movement of
water. Water levels and well-log data suggest that
the interbeds generally act as semiconfining to lo-
cally confining layers that transmit small amounts
of water laterally. This conclusion is further sup-
ported by the fact that, locally, lateral hydraulic
conductivities of the interbeds are much smaller
than those of the interflow zones.

Newcomb (1961, 1969) discussed the effect of
tectonic structures on ground-water flow in the
basalt. In an analysis of the flow system in an area
near The Dalles, Oreg., he postulated that tight
anticlinal folding of basalt formed breccia and fault
gouge between individual lava flows in the axial
region of the fold that decreased the permeability
of the basalt in the axial region, thus impeding
ground-water flow across the axis. It is also pos-
sible that feeder dikes, individually or in series,
could impede ground-water movement, especially if
oriented transversely to the hydraulic gradient.
Lack of observation wells and pumping centers
near the axis of folds or feeder dikes makes it diffi-
cult to assess their control on the movement of
ground water.

The relation between the geologic framework
and the hydrologic framework that provides a basis
for the study of a regional flow system is shown in
figure 20. This relation provides a simpler system
for study and is the foundation for the conceptual
model for describing ground-water flow in the
Columbia Plateau aquifer system. Thus, for study
purposes, the aquifer system was divided into
seven units—the overburden aquifer, three basalt
units, and three confining units (fig. 20).

The sediments and sedimentary rocks forming
the overburden are considered a single unit. Be-
cause of the large difference in hydraulic conduc-
tivity between the overburden and the basalt, the
unit is considered a separate aquifer, herein
referred to as the overburden aquifer.

The basalt aquifers can be described only gener-
ally because of the number and complexity of indi-
vidual basalt flows and the lack of data to define
them in detail. The combining of 100 or more indi-
vidual basalt flows into study units has been done
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by following a division similar to that of the
Yakima Basalt Subgroup. This subgroup and its
intercalated sediments were divided into three
basalt study units: the Saddle Mountains unit, the
Wanapum unit, and the Grande Ronde unit (fig.
20). Each unit includes the intercalated sediments
within the basalt formation. Additionally, in the
southeastern part of the study area, the Imnaha
Basalt is included in the Grande Ronde unit. The
term “unit” or “units” is used to distinguish them
from the basalt formations, which formally do not
include the intercalated sediments.

The Saddle Mountains~Wanapum and
Wanapum—Grande Ronde interbeds are two of the
confining units. Because these units are thin,
locally missing, of a smaller lateral extent than the
basalt units they overlie, and at some locations
consist of rock materials that are at least as per-
meable as the basalts, they are not formally
named. They simply have been called confining
units for the division of the aquifer system that
relates the geologic and hydrologic frameworks in
this study. The prebasalt basement rocks generally
have much lower permeabilities than the basalts
and are considered to be the base of the regional
aquifer system. These basement rocks are called
the basement confining unit.

The conceptual model of the ground-water flow
in the Columbia Plateau aquifer system, based on
the relation between the geologic and hydrologic
frameworks, is shown in figure 21. The area for
which the hydrologic framework information in the
following sections is presented is limited to about
32,800 mi? of the study area. This hydrologic study
area also represents the boundaries of the numeri-
cal ground-water-flow model constructed during
this study. The relation between the hydrologic
study area, the areal extent of the Columbia River
Basalt Group (which extends beyond the boundary
of the described aquifer system), and the Columbia
Plateau RASA study area is shown in figure 22.

HYDRAULIC CHARACTERISTICS

Most of the lateral hydraulic conductivity values
discussed in this report are depth-integrated aver-
age values that represent the general hydraulic
characteristics of the entire study-unit thickness.
Vertical hydraulic conductivities are largely
unknown. Application of aquifer testing methods
for estimating vertical hydraulic conductivity of the
basalts is difficult and prone to error. However,
where fine-grained interbeds are present, the
interbeds control vertical ground-water movement,
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TABLE 5.—Summary of selected estimates of storage coefficient for the Columbia Plateau aquifer system

Storage coefficient ~ Method! of
Geologic unit Hydrogeologic unit or specific yield  determination References
Fluvial Overburden aquifer 0.20 Model Bolke and Skrivan, 1981
Glaciofluvial ~ ------ dO--eemmmmmmeeeae 0.03-0.2 AT Newcomb and others, 1972
Ringold Formation ------do-----=-=s=v-emx 0.0002 AT Do.
Touchet Beds B ® [t St 0.1 Model Prych, 1983
Glaciofluvial ~ ---e-- 14 [ — 0.06-0.2 AT Bierschenk, 1959
Overburden @ ~  ------ d0----rmmmmmmnan 0.06 AT Do.
Ringold Formation  ------ dO-~mmrmmmemeemen 0.1 AT, Model Tanaka and others, 1974
Glaciofluvial ~ -e-ee- do-ammmnmmmmaene 0.15 AT, Model Do.
Basalt Wanapum unit 1.2 x 1074 AT Eddy, 1976
2.2 x 1075 Do.
Basalt Composite Saddle 3.2 x 102 Model A. Smith, U.S. Geological Survey, written
Mountains unit and commun., 1984
Wanapum unit
Grande Ronde unit 5.2 x 1074 Model Deo.
Basalt Mainly Wanapum unit 4.7 x 104 AT MacNish and Barker, 1976
9.0 x 1078
4.75 x 1073
Basalt Wanapum unit 2.0 x 104 AT Price, 1960
Basalt Wanapum unit and 6 x 1074 AT LaSala and Doty, 1971
Grande Ronde unit 1.4 x 1078
Basalt Composite of Wanapum 1.5 x 1073 Model Luzier and Skrivan, 1975
unit and Grande Ronde 2.0 x 10~3
unit 6.0 x 1073
Basalt Saddle Mountains unit, 1.0 x 1072 Model F.A. Packard, U.S. Geological Survey,
Wanapum unit, and 1.0 x 10-3 written commun., 1987
Grande Ronde unit
Basalt Saddle Mountains unit 2.5 x 1073 AT, Model Tanaka and others, 1974
Basalt Not determined 3.1x 102 AT Oregon Water Resources Department, from
1.9 x 103 A. Smith, U.S. Geological Survey, written
4.6 x 104 commun., 1984
5.0 x 10-5
Basalt Wanapum unit and 7.6 x 1074 AT Tanaka and others, 1979
Grande Ronde unit to
3.0 x 10~

IModel, derived from numerical ground-water model; AT, derived from aquifer tests.

is an important factor in understanding the move-
ment of water in the aquifer system.

Recharge was estimated on a daily basis for 53
basins or zones in the study area by applying a
model that computes daily values of deep percola-
tion of water below the effective root zone (Bauer
and Vaccaro, 1990). These daily estimates were
used to estimate long-term recharge for both
predevelopment (1850’s) and current land-use con-
ditions (a 1980’s multiyear composite). The period
of record used to estimate recharge for most of the
basins or zones was the 22-yr period from 1956 to
1977, a period that exhibited climatic variation.

The deep-percolation model is an energy-soil-
water balance model developed during the study

and is documented in a report by Bauer and
Vaccaro (1987). The conceptual models of the
energy balance for evapotranspiration and the
water balance used in the deep-percolation model
are shown in figures 28 and 29. The model is used
to compute deep percolation for each control vol-
ume or cell into which a zone is discretized. The
cell includes vegetation covering the land surface
down to the maximum prevalent root depth or, in
the case of areas devoid of vegetation, the soil
cover down to 5 ft or the total depth of the soil,
whichever is less. The root zone or soil cover is
divided into 6-in. layers, each with unique physical
characteristics. The daily water budget is
expressed as



B42

PRCP = RO + EVINT + EVSM + EVSNW + PTR +
RECH + AINT + ASNW + ASM,

where
PRCP = precipitation and irrigation,
RO = surface runoff,
EVINT = evaporation of moisture on the foliage
surface,
EVSM = evaporation from bare soil,
EVSNW = evaporation from the snowpack,
PTR = transpiration,
RECH = water percolating beyond the root zone,
AINT = change of moisture on the foliage surface,
ASNW = change of snowpack, and
ASM = change of soil water in the root zone.

The following data are required for each modeled
zone to estimate recharge: daily streamflows, esti-
mates of monthly base flow, daily precipitation,
and maximum and minimum daily air tempera-
tures. For each cell the following data are required:
22-yr average annual values of precipitation, mean
monthly maximum and minimum air-temperature
lapse rates (a lapse rate is a temperature change
with altitude), soil water-holding capacity, soil tex-
ture, topographic data (altitude-slope-aspect), land-
use classification, and annual application rates of
irrigation water.

Daily meteorological data were obtained from
the U.S. Department of Commerce for 103 weather
sites, 89 of which included daily air-temperature
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data (see fig. 4 and tables 1 and 2). A 22-yr aver-
age annual precipitation map for the period 1956—
77 was developed for the study by Nelson (1991)
and is shown in figure 2. Regional monthly maxi-
mum and minimum air-temperature lapse rates
were estimated by Bauer and Vaccaro (1990). Soil
information was obtained from the U.S. Soil Con-
servation Service county soil maps. The various
soil-type data were aggregated by physical charac-
teristics into 24 soil categories. Slope and aspect
for cells were computed from altitude data obtained
from the U.S. Geological Survey as Digital Eleva-
tion Model (DEM) (Elassal and Caruso, 1983).
Land-use classification data for 1975 (fig. 30) ini-
tially were obtained from T.A. Zimmerman
(Battelle Northwest Laboratory, written commun.,
1984) and later were modified on the basis of
Landsat data by Wukelic and others (1981). On the
basis of information presented by Wukelic and
others (1981) for 1979 and of field and map identi-
fication of irrigated croplands by D.R. Cline, M.E.
Knadle, and C.A. Collins (U.S. Geological Survey,
written commun., 1986) for the period 1983 to
1985, additional irrigated lands were added to the
irrigated lands shown in figure 30. Predevelopment
land-use conditions were estimated from these data
by assuming that, historically, dryland croplands
were grasslands, irrigated croplands were sage-
brush, and residential-commercial-urban develop-
ment was sagebrush. Surface-water irrigation rates

EVAPOTRANSPIRATION

'

POTENTIAL EVAPOTRANSPIRATION
= f(RADIATION, TEMPERATURE)

POTENTIAL SOIL
TRANSPIRATION

POTENTIAL
TRANSPIRATION

POTENTIAL CROP
TRANSPIRATION

y Yy A 4
ACTUAL SOIL SENSIBLE HEAT AND ACTUAL EVAPORATION OF
EVAPORATION REFLECTED RADIATION TRANSPIRATION INTERCEPTED MOISTURE

F1GURE 28.—Schematic diagram showing the conceptual model of the energy balance for evapotranspiration (from Bauer
and Vaccaro, 1987).
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and the size of the affected areas has increased
with time (Luzier and others, 1968; Cline, 1984).
The rate of water-level decline, however, has
decreased, at least in the central part of the
plateau, as evidenced by the hydrographs for wells
24N/36E-16A08 and 21N/31E-10M02 (fig. 45). The
largest water-level declines in the Wanapum unit
had exceeded 150 ft—in the Walla Walla River
basin, the Horse Heaven Hills, the Hermiston area,
and the central plateau.

Water-level rises and declines affect regional
flow. Prior to development, the dominant direction
of ground-water flow across the northern half of
the plateau is assumed to have been southwesterly,
from the northern and eastern plateau margins
toward the Columbia and Snake Rivers. However,
the 1985 potentiometric surface of the Wanapum
unit reflects the effects of the development (fig. 43).
In places, the ground-water flow changed direction;
for example, in an area between Scootenay Reser-
voir and Connell in northern Franklin County,
ground water now flows southeasterly instead of
southwesterly.

GEOCHEMISTRY

One of the principal factors in the development
of the Columbia Plateau is the availability of large
quantities of ground water for irrigation. The suit-
ability of water is dependent on the quality of the
water. An understanding of the processes that
affect and control the ground-water quality is im-
portant. Ground-water chemistry also can signifi-
cantly affect the hydrologic characteristics of the
rock comprising the aquifer system. The filling of
fractures with mineral precipitates from chemically
reactive volcanic glass (which usually progresses
farther in older volcanic rocks than in younger
rock) results in decrease of hydraulic conductivity.
This is believed to be related to the rate of ground-
water flow, the availability of the chemically reac-
tive volcanic glass, and the relatively porous
nature of volcanic rocks that results in a large sur-
face area per unit volume to come into contact with
the water (Wood and Fernandez, 1988). The sec-
tions that follow discuss evolution of the ground-
water chemistry in the basalt, describe major
water-quality characteristics of the three basalt
study units, and discuss the effects of surface- and
ground-water development on water chemistry. The
information is summarized from Hearn and others
(1985), Steinkampf and others (1985), Wood and
Fernandez (1988), and Steinkampf (1989).

CHEMICAL EVOLUTION OF THE GROUND WATER

The chemical composition of water in the Columbia
Plateau aquifer system depends on the composition
and relative solubility of the rocks through which
the water flows, the chemical composition of the
recharge water, and the residence time of the
water in the aquifer system.

Rocks of the Columbia River Basalt Group con-
sist primarily of labradorite (plagioclase feldspar),
augite (pyroxene), and opaque metal oxides (com-
monly titanomagnetite) in a glassy to cryptocrystal-
line matrix. The most common accessory minerals
are apatite, olivine, and metallic sulfides. These
minerals are present in varying and relatively
minor amounts as intergrown and isolated crystals.
The most abundant secondary minerals are a
nontronitic smectite, quartz, clinoptilolite, and iron
oxyhydroxides (Ames, 1980; Benson and Teague,
1982; Hearn and others, 1985). The Grande Ronde,
Wanapum, and Saddle Mountains Basalts are com-
positionally distinct, and individual flows within
these units also can have distinct mineral composi-
tions. On the basis of bulk compositions, Swanson
and Wright (1978) described eight chemical types
of basalt in the northern part of the plateau.

The primary means by which solutes are added
to ground water in the basalt are (1) dissolution of
rock by weakly acidic recharge waters and (2) sili-
cate hydrolysis. The presence of a soil zone in the
recharge area increases the dissolution capacity of
the recharging water by carbon dioxide generation.
Carbon dioxide is formed by the microbial oxida-
tion of organic carbon and dissolves to carbonic
acid. In areas devoid of a soil zone or vegetative
cover, and in confined aquifers where little or no
oxygen penetrates from the atmosphere, carbonic
acid generally is not generated. In such areas, sili-
cate hydrolysis is the dominant dissolution process.
Volcanic glass, a major component of the Columbia
River Basalt Group, is the most reactive mineral.
It is relatively unstable and reacts rapidly because
of the presence of large internal surface areas re-
sulting from cooling fractures and devitrification
(Jones, 1966). In decreasing order, cryptocrystalline
intergrowths, olivine, pyroxene, and feldspar are the
next most reactive minerals.

The most abundant solutes added to ground
water by dissolution of the basalt are calcium,
magnesium, iron, sodium, potassium, silica, sul-
fate, chloride, fluoride, and bicarbonate. The rela-
tive concentrations of each in ground water are
determined by their availability in the rock, by
water-rock reactions, and by reactions occurring
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after dissolution. Dissolution of minerals by car-
bonic acid increases both the concentrations of all
of the above solutes and the pH values in ground
water. Silicate hydrolysis also increases the con-
centrations of all solutes and, because the hydroxyl
ion is produced in the reaction, increases pH more
than does acidic dissolution. As ground-water pH
rises, it eventually exceeds the stability limits of
calcium carbonate, which can then precipitate cal-
cite from solution, lowering calcium and magne-
sium levels and contributing to decreased iron
concentrations, effectively buffering the ground-
water pH. Sodium and potassium are primarily
derived from volcanic glass and cryptocrystalline
intergrowths and somewhat from plagioclase feld-
spar, and they are dissolved at a rate faster than
that at which they are precipitated. As dissolved
sodium, potassium, and silica concentrations in-
crease, the ground water eventually becomes super-
saturated with respect to clinoptilolite. The latter
mineral, which incorporates dissolved sodium and
potassium, then precipitates, therefore limiting the
concentrations of sodium and potassium in water
in the basalts.

Dissolved silica concentrations are large, on the
order of 50 mg/L, in basaltic ground water because
of the readily dissolved glassy material present.
Silica levels are limited by the solubility of amor-
phous or opaline silica. The relatively large silica
concentrations buffer the pH of the water, limiting
the increase from the hydrolysis reaction to a pH of
about 9.5.

Sulfate in ground water in the basalt has three
likely sources. The first is the dissolution of acces-
sory metallic sulfide minerals, such as pyrite, in
the presence of dissolved oxygen. The second is the
dissolution of anhydrite or gypsum from sedimen-
tary interbeds interlayered with the basalt. Sulfate
minerals in the interbeds are likely to be of either
eolian or evaporative (caliche) origin. The third
source is agricultural chemicals present in ground-
water recharge. Sulfide has been found in some
ground-water samples from the plateau and is
probably derived from the microbial reduction of
dissolved sulfate.

Trace elements in the ground water also are
derived from the weathering of minerals composing
the rock matrix, and their concentrations in ground
water are dependent on a variety of factors, many
of which are difficult to quantify. Concentrations of
some trace elements are controlled by the chemical
characteristics of the ground water, whereas con-
centrations of others are a function of their avail-
ability in the basaltic rock. For example, the
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concentrations of barium, calcium, fluorine, and
iron are likely controlled by the chemical charac-
teristics of the water and the solubilities of rel-
evant secondary minerals such as barite, calcite,
fluorite, and iron oxyhydroxides. In contrast, ele-
ments such as lithium, strontium, and boron
(which increase in concentration with increasing
total dissolved-solids concentration) are usually
controlled by availability of the element in the
rock.

WATER-QUALITY CHARACTERISTICS

The areal and vertical distribution of selected
dissolved chemical constituents and physical
properties of water from the Saddle Mountains,
Wanapum, and Grande Ronde units have been
mapped on the basis of analyzed water samples
and discussed by Steinkampf (1989). A summary of
water-chemistry statistics for the three basalt
units, taken from Steinkampf (1989), is presented
here as table 7. Ground water in the basalt units is
generally of good quality and suitable for most
uses. The dominant water type in all three units is
calcium magnesium bicarbonate (CaMgHCO,), and
sodium bicarbonate (NaHCOj3) is the next most
prevalent water type. Sodium bicarbonate waters
typically occur in deeper downgradient locations.
Similarly, the concentrations of dissolved solids
generally are higher in downgradient locations or
in deeper parts of the aquifer system. This is
because of a larger residence time of water in the
system, resulting from an increase in length of flow
paths. Therefore, the similar areal trend in
NaHCOg4 and concentrations of dissolved solids
indicates that sodium concentrations in the ground
water increase with ground-water residence time.

In the Saddle Mountains unit where surface-
water irrigation occurs and where the overburden
is less than 200 ft thick, water from shallow wells
(less than 400 ft) is of a calcium magnesium sulfate
chloride (CaMgSO,Cl) type (fig. 48). Dissolved-
solids concentrations generally increase in a down-
gradient direction owing to longer residence time of
water in the aquifer system. In irrigated areas the
concentration of dissolved solids may further be
increased by contaminated infiltrating irrigation
water. The infiltrating surface water transports
large quantities of nitrogen derived from agricultural
chemicals. Nitrogen concentrations (nitrate plus
nitrite as N) in ground water of 2.0 mg/L or larger
occur in areas where the overburden aquifer is thin
and where surface water is used for irrigation.
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from an estimated 3,500 high-capacity wells. Be-
tween 85 and 90 percent of the total pumpage was
used for irrigation; the rest of the pumpage was
used for public water supply and industrial uses.
About 39 percent of the pumpage is from the
Wanapum unit, 32 percent from the Grande Ronde
unit, 26 percent from the overburden aquifer, and
3 percent from the Saddle Mountains unit. The
highest pumpage is found in the central plateau in
Washington and near Hermiston, Oregon.

Water in each unit generally flows from the
peripheral boundary of each unit toward major
surface-water bodies, principally the Columbia,
Snake, and Yakima Rivers. Water-level changes
have occurred in response to expansion of irriga-
tion activities. The importation of surface water to
the Columbia Basin Irrigation Project area has
caused water-level rises throughout the area be-
tween the East Low Canal and the Columbia River
to the west. Water-level rises exceed 300 ft in the
Quincy basin. Water-level declines in excess of 150
ft have resulted from pumpage in several localities
east and south of the Columbia Basin Irrigation
Project and in Oregon.

Water in the aquifer system is generally suitable
for most uses. The dominant water type is calcium
magnesium bicarbonate, and sodium bicarbonate is
the next most prevalent water type. Sodium bicar-
bonate waters typically occur in deeper down-
gradient locations in the aquifer system. Sodium
concentrations increase with residence time in the
aquifer system. Large nitrogen concentrations in
ground water are observed in areas of surface-
water irrigation.
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