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 COMPUTER SIMULATION AND GEOHYDROLOGY OF A
BASALT. AQUIFER SYSTEM '

IN THE PULLMAN-MOSCOW BASIN,
WASHINGTON AND IDAHO

By R. A. Barker

ABSTRACT

A digital-computer model,  using a finite-difference technique, was
developed to simulate hydrologic characteristics of the primary (deep) basalt
acquifer system in the ©Pullman-Moscow basin, The State of Washington
Department of Ecology and the local water agencies expect to use the model to
help.evaluate water-management alternatives involving the distribution of
well pumping and artificial recharge. '

_ Ground water in the Pullman-Moscow basin occurs primarily in the basalt
and interbedded sediments of the Columbia River Basalt Group. These rocks
underlie about 88,000 acres (138 square miles) in the basin and are thickest
near Pullman, Wash., where the estimated depth to an impermeable basement
complex is about 2,600 feet. : '

The primary aquifer system is distinguishable from the overlying upper
-aquifer  zone on the basis of measurable differences in the hydraulic
properties of each and in the long-term response to pumping activity. -
Water-level decline in the primary aquifer system began in the 1890's and is
the result of year-to-year increases in ground-water development, coupled
with the relatively slow rate of natural ground-water replenishment. Pumpage
during 1971-75 averaged about 6,600 acre-feet per year, and by 1975 water
levels had declined nearly .80 feet below those of pre-development conditions.
The calibrated model - simulates the historical water-level decline in the
Pullman area to within 5 feet of measured levels for any year.

Model simulation supports the belief that vertical leakage from the upper
aquifers is the most important source of recharge to. the primary aquifer
system within the basin; this simulated £flux for 1975 is about 4,900
acre-feet. Model analysis indicates that lateral recharge to these aquifers
from the southwest increased from zero under pre-development conditions to
about 1,450 acre-feet in 1975, Lateral discharge from the basin, according
to the model analysis, was about 2,850 acre-feet per year under
pre~-development conditions; it is simulated to now occur at less than half
that rate (1,250 acre-ft in 1975}, as a result of ground-water withdrawals.
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| Model simulation, which projects a doubling of present-day pumping rates
by 2000, indicates a water-level decline in the Pullman-Moscow area of 30 to
35 feet below 1975 levels. When simulated pumping rates are nearly tripled
by 2000, the projected decline is, in places, as much as 55 feet. However, a
projection with pumping stabilized at 6,600 acre-feet per yvear indicates a

decline of less than 10 feet helow 1975 levels and an annual decline rate of
about 0.2 foot per by 2000.
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INTRODUCTION =

 Significant development.of the ground-water supply in the ' Pullman-Moscow
basin (fig. 1) began in the 1890's. By 1896 more than a dozen wells in each
locality tapped separate artesian zones beneath Pullman, Wash., and Moscow,
Idaho. Nearly 75 . percent of these wells were flowing upon completion,
generally at depths of 100 feet or less. Much of the water from these early
wells was apparently wasted to surface dralns as artesian fountains were
commonly allowed to flow freely. With uncommon foresight for that era, I. C.
Russell (1897, p. 8l) warned: : -

"Several of the wells at Pullman are allowed to flow,
thus wasting a large volume of water and decreasing .
the [artesian] pressure. If the blessings o
accompanying the discovery of an excellent water
supply are to be malntalned, all wells should be

"~ .closed when not in use."

Unfortunately Russell’'s warnings went unheeded and the days of a seemingly
inexhaustible supply of ground water were shortlived. Since 1896 water levéls
in the deeper aquifers have declined progressively to nearly 80 feet below
pre~-development levels. By 1960 water levels in the shallcowest artesian
aquifers in “the Moscow area had decllned by as much as 100 feet.

Additional water-level decline may be expected. Although present {1975)
and antlclpated demands for 1rr1gat10n water are small, . future pépulatlon
increases (owing to the continual growth of educational fac111ties, business,
and industry) will undoubtably sustain an increasing need for ground water.
Whereas ground-water pumpage - from the basin in 1975 totalled 1less than 7, 500
acre-ft, the estimated total water requirement by year 2000 for only the
immediate Pullman-Moscow area is as much as 18; 630 acre-ft/yr (Stevens and
others, 1970). o ;

Despite several water-resource studies in the area during the past 15
years, local concern over the possibility of ground-water depletion has
remained largely unsettled. Because water levels have continued to decline,
and because virtually all human activity in the area is dependent to some
extent on the ground-water resource, dquestions raised by the local populace

such as "How long w111 the water last?" (Jones and Ross, 1969}, are certainly
not without reason. .

"Future demands for- water may be difficult to satisfy, especially without
the support of artificial recharge to the ground-water reservoir or
surface-water importation (Foxworthy and Washburn, 1963; Stevens, 1960).
However, finding excess water that is chemically suitable for artificial
recharge is a major problem, and the importation o©f water involves
complexities in conveyance design and high costs. It has become critically
important, then, to understand the local ground-water system, to properly
assess its limitations as a future source of vater, and to judiciocusly manage
* the available water resources. >
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State and local water planners have acknowledged the need for decisive
management of the ground-water resources. Such action regquires that the

probable effects of different water-management alternatives be evaluated
before guidelines. for future ground-water development are implemented. The
digital-computer model is believed to provide one of the most reliable and
efficient means by which to evaluate the effects of various management
alternatives regarding pumping and artificially recharging the local
ground-water system. '

Purpose and Scope

The purpose of the study was to (1) define the baslc geohydroclogy of the
Pullman-Moscow basin, (2) compile a historical record of ground-water
development and the hydrologic effects of that development, (3) calibrate a
digital model of the most productive and extensive aquifer system, and {4) use
the model to project the effects of anticipated future ground-water
development on water levels in the basin. This report (1) documents
gechydrologic data pertinent to the study, (2) presents an explanation of the
area's ground-water-flow system, and (3) describes the meodel in terms of its
uses, limitations, and data requirements.

The study was made in cooperation with the State of Washington Department
of Ecology (DOE). DOE intends to wuse the model to help formulate policies
regarding the future management of the area's ground-water resources.

This study was built upon the results of previous investigations
(discussed below), some of which provided conflicting interpretations of the
gechydrology of the basin. In formulating a hydrologic rationale for the
model, it was necessary to carefully consider and choose between some of the
previous interpretations, as well as to expand upon  those chosen.
Accordingly, brief discussions of previous interpretations and their relation
to the model study are included herein (p. 21-25).
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Location and Extent of Study Area

The Pullman-Mosgcow basin lies aaross the Washington-Idaho state line (fig,

1), and covers approximately 256 mi? - (164 000 acres), of which about 173 mi?
(111,000 acres): is within Whitman County, Wash.; the remaining 83 mi? is in
‘Latah County, Idaho. The areas west and east of- the State 1line have been

defined arbitrarily in prev1ous reports as the Pullman and Moscow subbasins,
respectively.

The d1g1tal model was deveioped'to gimulate hydraulic conditions in the
area's major aquifer system, which is  enclosed leteraliy- in all
directions--except on the west--by crystalline rocks (fig. 2). The westward
extension of the modeled area spans ‘the gap in the crystalline rock boundary
between Albion and Chambers and crosses the drainage divide to Union Flat
Creek, another mnatural boundary of the aquifer system. The mcdeled area
-encompasses nearly 112,000 acres, of - which 88,000 acres lie within the
Pullman-Moscow basin. - o

Geographic Settiné'

Pullman and Moscow, ‘with 1976 populatlons (1nclud1ng college students) of
23,552 and 16,693, respectively, are communities of similar size, interests,
and livelihoods. Separated by less than 10 miles, both are commercial centers
founded upon the need to gerve the surrounding areas of dryland wheat farming.
Both cities support state unjversities whose faculties and students comprise’
over 50 percent of the city populations. Washington State University (WSU) at

© Pullman and Unlversity cf Idaho (UI) at_Moscow had enrcollments in the fall of
1976 of 16,736 and 7, 600, respectively

The Pullman-Moscow basin, roughly circular in shape and about 20 miles
across, is bounded on the north, east, and south by mountains and low hills
(fig. 1). These highlands are erosional remnants of an ancient, more rugged
* mountain range. Altitudes in this shallow basin range from about 2,225 feet
near Albion, Wash., to nearly 5,000 feet at the summit. of Moscow Mountain,

Idaho, in the easternmost part of the basin (pl. 1). The interior lowland of
“the basin, underlain by the Columbia River Basalt Group, consists of a
moderately dissected lava plain forming low rolling hills which are generally
mantled by thick accumulations of windblown silt (loess). These irregularly
shaped, rounded hills generally rise less than 200 feet above the intervening
depressions and are known locally as the Palouse Hills.

lC1ty and student population data obtained from the city business offices and -
university registrars, respectively, by Liane Weber (washington .State
University . Department of Civil and Environmental Engineerlng, oral commun.,
Decembker 1976).
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A thick coniferous forest covers much of the steep topography of the
higher- mountains to the east, thus protecting the generally thin soils of that
area from erosion, at lower elevations, scattered -stands of ponderosa pine and
tall grass cover  gentler slopes.. ‘Much of the interior lowland is farmed by
dryland methods, wherein the substantial capacity of thé Palouse Formation to
store moisture is-ueedlto .advantage. - Although winter wheat is the principal
crop, lentils and peas also are important - products of this richly productive
‘agricultural district. SR - : '
_ owing primarily “to the.effect of orographic uplift from west to east,
- average annual precipitation ranges from less than: 20 inches west : of Pullman
to more than 40- inches in the eastern part of the basin (fig. 3). The
orographic effect 'is most- noticeable east .of Moscow. According to annual
records of the U.S. Weather Bureau (NOAA) , the average annual precipitation
durlng 1931-60 was, 20.49 inches  at- Pullman and 22,21 at Moscow. Seasonal
precipitation is. llght in the summer, increases in the fall reaches 'a peak in
the winter, gradually decreases in the spring, 1levels "off. through May and
June; _and’ declines. sharply near the “first “of July (Washington State
University, 1965). . A- ‘rough estimate of ‘the. average annual precipitation over
the basin was .ohtained for thisg- study by planlmetering between the isohyetal
lines Tfig © 3). and - correcting for the assumed orographic effects .on
precipitation between the 1sohyets, the bas;nw;de estimate thus obtained was
about’ 275, 000 acre-ft/yr. T - i : -

Computatlons of potential ET (evapotranspiratlon) in the Pullman-Moscow
area, by techniques developed by Palmer-Havens for the application of
Thornthwaite's method provides an estimate of 24.6 inches per year (Washington
State UniverSity, 1965). These potential ET rates reach a peak of 5.2 inches
in - July and decrease to 0.10 inch in -December ' and January. Published
estimates of actual ET are not -consistént. Whéreas the Washington State

. University (1965, p. 64) provides an average annual ET value of 14.7 inches;
Stevens (1960, p. 342) estimated 16.8 inches. Applying the average of the two
above estimates (15.75 inches) over the entire basin accounts- for about
215,000 acre-ft of-water annually.’ ' o L

plthough surface drainage w1thin "the baSLn is generally toward the west,
- all major stream channels ' near the western edge of ' the basin have
northwesterly - trending courses that closely parallel that of the nearby Snake
River (figs. 1 J12). Surface ‘discharge from the basin occurs via the South
Fork of the Palouse River "and Fourmile Creek. Basin runoff was cemputed
during this study to have averaQedf\QPout 53,000 acre—ft/yr during the period
1960~74. el SRR -
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Previous Investigations

The study and documentation -of the geclogy and water resources of the
Pullman~Moscow basin began with a reconnaissance of the area and report by
Russell (1897). The report provides indispensable information . about the
locations and depths of, and the original water levels in, the first wells

.drilled in Pullman and Moscow. Since Russell's report, more than two dozen
publications have been produced about the geology and hydrology of the basin,
parts of the basin, and areas adjacent to the basin. Only those reports most
important to the development of the digital model are summarized below. .

. A report by Stevens (1960) discusses the geology, hydrology, and
development of ground-water resources .in the vlcinity of Moscow, and also
provides estimates of future demands on the ground-water supply. The report
includes an assessment of the ability of the ground-water system to satisfy
these demands with the support of supplemental sources, such as provided by
artificial recharge or by surface water. ' )

A report by Foxworthy and Washburn (1963) provides similar information,
mainly for the Pullman area, in addition to providing evidence that “the
 Pullman and Moscow areas are two hydraulically distinct subbasins, having a
common ground-water boundary near the Idaho-Washington state 1line. Those
writers suggested that artificial recharge might provide the best solution to
offset the effects of the continuing. water-level decline, and they discussed
use of ‘local stream water to accomplish this ' recharge. Although they
recognized that discharge from the artesian aquifers had exceeded local -
recharge during at least 22 years (1937-59), they presented evidence that
natural discharge had decreased during this time while recharge had 1ncreased
in response to the declining potentiometric surface.

Crosby and Chatters (1965) applied carbon-14 dating techniques to
ground-water samples taken from different depths in the basin. From this, the
writers concluded that recharge to the deep aquifers in the Pullman area was
extremely limited and was perhaps nonexistent in the Moscow area.

Sokol (1966) made an investigation of short-term water-level fluctuations
in shallow and deep wells in the Moscow area. He attempted to correlate
water-level fluctuations with changes in barometric pressure, pumping,
rainfall, surface runoff, wing, ‘and earthquake activity, and he thus provided
valuable insight into the hydraulic connection among different artesian zones
in the Moscow area.

Tables included in a report ‘by Walters and Glancy (1969) provide an
indispensable record of ownership, depth, water levels, and drillers' logs for
specific wells in the modeled area, In addition, the report presents a
general description of the availability and degree of development of ground
water throughout Whitman County. '
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A comprehensive evaluation of the geology and hydrology of the Moscow
subbasin was provided by Jones and Ross (1972). : Their work produced valuable
data and interpretation related to the geochemlstry of the area's waters as
well as generalized mathematical models ‘of pumping and associated effects in
the Moscow subbasin. These models were based on the theory of image wellsi
(Ferris and others, 1962) and were designed with the assumptions ‘that (1}
water-level d&eclines observed in the Moscow area aquifers were solely the
result of pumping in the Moscow subbasin (east of ' the Washington-Idaho state
line), and (2) there was no recharge to these aquifers. "Experimentation with’
their models led them to conclude that récharge actually had to be in excess
of pumpage and that the ground-water supply in ' the Moscow subbasin was
sufficient to meet the expected demands of that area through at least the year
2000. '

. Azreport by Luzier and Burt (1974), elthohgh_primerily concerned with the
regional aspects . of ground-water development and depletion in east-central
Washington, summarizes - the pertinent factors contributing to the watér-level
declines in the Pullman-Moscow basin. It provides substantial "evidence that
the deepest aquifers in Moscow are correlative . with and in - hydraulic
connection with the aquifers from which the ‘city of Pullman and Washington
State University pump their ground water. In many ways, the explanation of
the Pullman-Moscow ground—water situation. offered 'by Luzier and Burt has
proven to be the most satifactory to. date; much of ' their 1nterpretation ‘has
been incorporated into the design of the ground-water model for the
Pullman-Moscow area. - ' ' -

A basic~data report by Crosthwaite (1975) contains well logs, historic
water levels, and water-use data for the Moscow subbasin. The interpretation
- of hydrologic characteristics for ~that ‘area of the model was aided
considerably by data in this report. '

-In addition to the pubklished reports, a nurber of unpublished records and
reports have likewise contributed to the understanding of the hydrology of the
-Pullman-Moscow basin. The most important of these include (1) a WSU masters
degree thesis on ground-water recharge in the Moscow subbasin by Lin (1967);
{2) a collection of pertinent information on the ground-water supply in thae
. Pullman-Moscow area by Packer (1955); (3) an estimate and discussion of the
population growth and future water demands for . Pullman and Moscow by the
engineering consultants, Stevens, Thompson, and Runyan (1970); and (4) a
report by Warnick (1971) to the Moscow City Council concerning  the
advisability of relying on ground water from the aquifers identified at that
time in the Moscow area.
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Well-Numbering Systems of
- "Washington and Idaho

Wells prov;ding data for. _this study have been . assigned numbers identifying
them by location within a-section and township. . The numbering systems vary
slightly between Washington and. Idaho, as described below..

, In Washington, in the symbol 14/45 5Fl the part preceding the hyphen
indicates successively the township and range {T. l4 M., R.. 45 E.} north and
east of the ‘Willamette base ‘line and meridian. - Because the study area . in
Washington lies entirely "north. and east of the Willamette base line and
meridian, .the letters indicating the. directions K north and east are omitted
- The first number follow:Lng the hyphen indicates the section {sec. 5), and the
letter "F" gives the 40-acre..subdivision of .the section, as shown in the
figure below.' -Thée ‘number "1" 1ndicates _that this well is the first one
recorded within- the subdiVLsion.' - B ' L

well - T o Sec. 5,
4145—5F1 — == ’

T.14.N.,

1 " RiasE

The well~number1ng system used in Idaho indicates the -location of wells
‘with reference to the Boise base .line -and meridian. As in Washington, the
" first three segments of - the nunker designate the township and range and
section number, with the "N" and "W" ‘for north and west of the Boise base line
' and meridian being deleted.. In Idaho the sectlon number is followed Ly three
letters and a numeral, which indicateé the quarter section, the 40-acre tract,
the l0-acre . tract, -and the serial number "of ‘the well w1th1n the tract,
respectively.  Quarter sections - are lettered’ a, b, ¢, and- 4 .in
. counterclockwise, order from the’ northeast quarter of each. section, Within the
quarter Sections and 40-acre tracts, quarters .are. lettered in the same manner.
As.shown ‘below, ‘well 39/5-8bdb3 is in the NWhSEL:NW4 sec. 8, T, ‘39 N., R. 5 W.,
and was the third well recorded 1n that tract. : . L

. _wel - —bmr— @ | se.8,

. 39/5-8bdb3 —e ] : L

- R L. : c l d T‘ 39 N"V,
c d. [Rew.




14  BASALT AQUIFER SYSTEM IN THE PULLMAN-MOSCOW BASIN, WASHINGTON AND -IDAHO

BASIC DATA -

Table 1 contains data on well construction, pumping tests, and pumpage for
the most productive wells in the modeled aquifer system. Table 1 also
provides' 'a convenient cross reference between- the Geological Survey's method
of numbering wells (explained in the preceding section) and the sequential
well-numbering system used by the local municipalities and universities.
mable 4 (at end of report) contains detailed water-level and well data from
all known wells in the modeled aquifer system: Platé_l, located in the Jjacket
pocket, shows the locations of ‘all wells that provided data for this study,
and the distribution of and average . annual pumpage from the modeled aguifer
system during the period 1971-75. The finite-difference grid, required for
model development, is superimposed on plate 1 to index the sources of well
data used to formulate model inmput. Readers secking information on wells
tapping ‘aquifers other than those in the modeled (primary) aquifer system
should consult the reports by Walters and ‘Glancy - (1969) and Crosthwaite
{1975). _ o .

The records of post-1935 pumpage are probably -the most complete and
reliable of the various kinds of data available to the study. Since the
mid-1930's, most pumpage by the local municipalities and universities {which
accounts for about ©5 percent of the basin's pumpage) has been metered.
Annual pumpage from the primary aquifers in the pPullman area was tabulated for
years 1936-44 and 1949-58 by. Foxworthy and Washburn (1963). Although no
year-to-year pumpage totals have been published since 1963, Iuzier and Burt
(1974) brought the basin's pumpage trends up to date through 1969 in the form
of a bar graph, including a breakdown on pumpage from the deep aquifers in
Moscow. Requests made of well owners during the period 1973-75 for pumpage
totals through 1975 and for specific locations of pumping sites, have provided
essentially all the pumpage data required for the calibration of the model.

Original water levels in the Pullman area are available in the report by
Russell (1897). More recent water~level data from primarily the same area,
dating from ' the 1930's to the present, are available in the reports by
Poxworthy and Washburn (1963) and Walters and Glancy (1969) and from
unpublished okservation-well records stored at the Geological Survey office in
Tacoma, Wash. The reports by stevens (1960), Jones and Ross (1972), and
Crosthwaite (1975) provided this kind of data for the Moscow area. Although
historical water-level data from areas other than Pullman and Moscow are
generally scarce, water-level measurements since 1972 in outlying areas have
provided much useful information. '

Surface-water data from gaging sites on Union Flat Creek near Colfax,
wash,, Fourmile Creek at Shawnee, wash., and Missouri Flat Creek at Pullman,
Wash., were provided by publications. of the Geological Survey (1956, 1962-65,
and 1966-75). Although discharge data are generally available for years since
1960, serious gaps in these data for streams inside the basin exist between
1940 and 1959. In September 1274, three miscellanecus discharge measurements
were made aleng Paradise Creek, between the Moscow sewage-treatment plant and
a point about 3 miles downstream, in an attempt to detect seepage loss to the
underground basalt formations. (See p- 95.) Co :




TABLE 1.--Records

TS

of municipal- and university-supply wel

1s ‘tapping .the primary aquife

15

r system at Pullman and Moscow

Computed

ce o o . . " altitudes bverage . . . - .

. Model - o Well between annual . - ' no l_‘.ransﬁm_lsslv:tty

wél].. owner and cell- .  USGS well number depth - ‘which the . ‘pumpage, © Pump-test data . ,(-See‘ p. 562 °.f text}
.owner's. nurber location- C(EL):, well is open | 1971-75. Yield Drawdown :

_ . k¢ aguifer. (ft) (acre-ft) (gal/min) (££)_ i (£t%/s)  (gpasfr)
city of . . s T ST . )
pullmar wells: ] . . 7 - ) .

1 I 21,17} . 14N/45E=5DL 55 31B7-2207 ‘.75 1200 = 6, 0.62 400,000
2 . (20,18)  1SN/45E-32M1 o 231”7 ziie-232e “50 “800 13 - “.a6 37,000
©o3. (21,17 . 14n/45E-553 167 - 2175-2302 525 1350 106 - .04 26,000
4 - (20,1B)- 15N/45E-32H2 . “954 1396-1951 . . 525 - 1000 18,5 .17 108,000
5 (23,17)°  Ll4N/45E-BEL ¢ onE T 1730-1770 425, © 1799 175 .03 20,500
6 (18,18)  15N/45E-32C2 518 ° 1912-2195 550 1500 -15° - M1 200, 000
Washington State T ' : ' T .
ivérsity wells: oo N S .. . g
U B '(21,18) ° 14N/45E-5F2- ¢ - 237 2127-2324 175 ‘500 -— s -
Sy “i(21,18)  14n/45E-5F5 T213. - 125 - e Lrse ———t L, - -
3 Tta1,18) lawsasgSsEs’ 223 2 oeso 1500 21, . .*1.55 1,000,000
4 {(21,18)  14N/45E-5F4 275 " 2089-2101 300 T 1690 15 -+"-3.43 2,000,000
: o 2103-2158 . ’ et
2262-2299
o5 eqz0,22)  Ysw/ase-3arz 00 396 211922215 - . 175 503 2.67, .58 377,000
5 120,20}, lan/4sE-dpt 702 1834-2144 - inew well: - 1865 CE R 70,000 -
. - R S o S . in 1975) . . :
City of ° ’ . . L
Moscow wells: o . . ' Con ..
6 '{19,39)  39N/5wW-8bdbl T8007 1292-1695 ‘600 900 26 Tl 69,000
. ' o . - R . . . * (100, 000)
8 (19,33)  39N/5W-Tbda2 1458 1159-1570 1000 1200, 43 . .08 56,000
) - © - =(80,000)
University of ’ - -
Idaho well: ) . . [ ) .
3 (20,33) -39N/5W-Tcbbl 1336  1222-1357 ‘B82S 2400 7 1.06 686, 000
; . : 1422-1666 . *{1,000,000)
. " 1782-1897 ;

_*From, Jones and "Ro_ss (1972, p 30%,
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Monthly records of .average daily treated sewage discharge into Paradise
Creek by the Moscow  sewage-treatment plant are available for the years
1960-75. Records of effluent into the South Fork Palouse River from the
Pullman plant are available for all* years since 1949, These data were
important to the study for evaluating recent increases in basin runoff.

Climatological data published by the U.S. Weather Bureau (through 1969)
and [v.s.] National Weather Service (since 1969).were used in conjunction with
precipitation maps developed by the Pacific Northwest River Basins Commission
{1969) to estimate the amount and distribution of annual precipitation over
the basin. Crop-growth data -provided by the U.S. Department of Agriculture
(1967), as well as information provided by Stevens (1960, p. 342), were used
to estimate rates of ET in the basin. These kind of data were used to help
define recharge and discharge relationships within the study area.

An .inventory of wells drilled since about 1965 and an update of
information on older wells were conducted during this study in the spring of

. 1973. At that time, water levels in more than 100 wells were measured to help

delineate the distribution of the potentiometric levels -in known aquifer
zones. Water levels were measured again in March and Cctober of 1974 and June
1975 to help define the current patterns of water-level declines in the
various aquifer zomes. : '

Boundaries and aquifer properties of the modeled flow system . were

. interpreted mostly from well logs, well records, and geclogic maps and cross

sections provided by the following reports: Crosby and Cavin (1960),

Foxworthy and Washburn (1963), Lin (1967), Walters and Glancy (1969}, and

Crosthwaite. {1975). In general, surficial contacts between the basalt and the

crystalline rocks shown in these. reports were mapped originally by Treasher
(1925). ' : - '

Serious obstacles to an adequate understanding of the ground-water-flow
regime in the Pullman-Moscow basin have long resulted from extremely limited
information on the subsurface distribution of the crystalline basement
complex--expecially in the area of ground-water cutflow between Albion and
Chambers (fig. 2). To alleviate difficulties of this kind facing the modeling
effort, a geophysical survey using gravity and electrical-resistivity methods
was made in October 1974. The results of this survey are summarized on pages
48-50 of this report. — : ' :
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GEOHYDROLOGIC SETTING

The oldest rocks in the - Pullman~Moscow basin are quartzite and gneiss of
Precambrian age and granitic rocks of: Cretaceous -age (Tullis, 1944}. These
crystalline rocks form the outlying ridges and  buttes. encircling . the basin
(figs. 1 & 12) and constitute the ‘basement complex underlying the modeled
aquifer system. Before Miocene time, the ancestral mountainsg (of which the
ridges and buttes are remnants) had been eroded to a mature land surface of
con51derable relief by westerly and southwesterly flowing stream

During Miocene time, the lower -parts of the basin were buried by a
sequence of nearly horizontal basaltic lava flows and less extensive layers of
sediment eroded from the surrounding. crystalline highlands. - The sediments
(primarily clay, silt, and :sand) were deposited along streams and in lakes
created by the. damming of streams by lava flows around the margins of “the
basin. - These sedimentary interbeds within the basalt sequence are as much as
400 feet thick in the Moscow area, near the base of the crystalline highlands,
‘but thin sharply toward Pullman, where they are generally less than 10 to 15
" feet thick. .

After the fllllng of the basin lowland by basalt and sedlmentary deposits
during middle Miocene through early Pliocene time, -the upper surface of these
" materials were dissected by erosion. ' Then windblown silt {loess), originating
primarily” from glacial lakebed deposits, settled over.the area ' in thicknesses
exceeding 100 feet in places. Most of the loess is included in. the Palouse
Formation, named by Treasher (1925), which is of Pleistocene age. Subsequent
and continuing erosion have reduced the crystalline highlands to their present
heights and sculptured the lowlands into the rolling topography characterlstlc
of the area today (fig. 12).

The basalt and minor interbedded sedimentary rocks (fig; 4) - are all
‘considered to belong to the Columbia River Basalt Group (Griggs, 1976). The
basalt wags mapped by Walters and Glancy (1969) as the Yakima Basalt, which was

o originally defined by Waters -  (196l1). However,- the nomenclature of the

lacustrine and alluvial deposits which interfinger with the Columbia River
Basalt Group in the Pullman-Moscow basin differs among some investigators.
Stevens (1960) considered these as part of the Latah Formation, the name given
- by Pardee and Bryan.(1926) for sedimentary exposures ‘along Latah Creek south
of Spokane (north and outside the present study ared). Siems, Bush, and
-Crosby (1974, p. 1061) conSLdered these sedimentary, 1nterbeds tc be part of
‘the Ellensburg Formatlon.
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The Basalt and Regional Hydrology

The Columbia River Basalt Group underlies about 55,000 mi2 in Washington,
Oregon, and Idaho--the area known as the Columbia Plateau (Fenneman, 1931).
Because the most important agquifers in .the Pullman-Moscow basin are in rocks
of this group, certain aspects of the regional geohydrology-are pertinent to
an understanding of the ground-water occurrence and availability in the basin,
and are therefore discussed below. : '

A typical sequence of the Columbia River Basalt Group is composed of
extensive lava flows, from 10 to 150 feet thick, which thin toward the margins
and overlap laterally. The sequence in eastern Washington ranges from more
than 10,000 feet in thickness to a few feet where it abuts the crystalline
bvasement rocks around the margins of the Columbia Plateau province (Newcomb,

1959, p. 2-3). ‘Originally, the basalt flows were horizontal, or nearly so,
put deformation of the earth's crust has altered the original altitudes in
places. Deformation of the basalt in eastern Washington is usually cbserved
as a gentle warping of the rock layers. However, in some places crustal
disturbances have been of greater magnitude, resulting in large-scale folds or
vertical displacements of individual flows along fracture surfaces {faults) .

‘Ground water beneath the Columbia Plateau occurs -most commonly in (1) the
upper, characteristically broken parts of basalt flows; (2} the unconsclidated
sedimentary material between flows; .and (3) .the basal parts of the basalt
flows, particularly in pillow structures formed where the lava flowed into
water and cooled very rapidly. These permeable flow-contact zones are most
often found to be from 1 to 10 . feet thick. The cracks and crevices
characteristic of the £low-contact 2zones and the interflow sedimentary
materials cause a basalt sequence to transmit water through a series of
stacked, roughly horizontal layers which are virtually isolated from each
‘other by the massive, nearly: impermeable ctrata-—-the basalt flow centers.
These massive interior parts of basalt flows are typically dense and d¢ not
generally transmit or store significant quantities of water. However, these
dense layers are’ generally. crossed vertically to some extent by narrow cracks
which developed as the molten lava shrank upon cooling, and these cracks may
provide avenues for vertical seepage between aquifers. However, ground-water
gseepage through such cracks occurs very slowly compared to the lateral seepage
" in the flow-ccontact zones. :

Because sedimentary interbeds between basalt flows--where they exist--are
generally fine grained, they ‘generally <o not yield water at appreciable
rates. In general, interbeds restrict the passage of ground water and they
are often observed to confine water under artesian pressure within underlying
more permeable layers. However, coarse interbeds of sand or gravel are
productive agquifers in some areas beneath the Columbia Plateau.
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Watér in the basalt aquifers is typically confined under pressure and the
resulting hydrostatic heads~~when defined - over large areas-—-comprise what is
known as a potentiometric surface. ' Vertically separated aquifers beneath the.
Columbia Plateau generally exhibit different potentiometric surfaces. In
general, the magnitude of head difference between .two or more aquifers- is a
measure - of ~ the degree of hydraulic isolation provided by the intervening
interbeds or dense basalt. Hydrostatic heads are typically highest . in the
shallowest aquifers and are progressively lower in the deeper zones.

Wells tapping the basalt sequence typically penetrate more than one
water-bearing zone, with 'each zone -displaying a. different pressure head.
‘Because hydraulic isolation does  not exist 1nside a well bore, water levels
measured in wells which are not completely cased may represent composite heads
from all aguifers open to the well. The more productive aguifers have more
influence on-composite water levels than do the less productive agquifers. 1In
‘deep, multi-aquifer wells that are uncased, or partially so, water may move up
or down within the well bore between the dJeeper and shallower aquifers.
‘Because heads are commonly lower in the.deeper aguifers, cascading water. is
characteristic of most wells in the region (Luzier and Burt, 1974, p. 8-10).

Faults, folds, and dikes in the basalt sequence are known to substantially
affect the lateral movement of ground water in many areas of eastern
Washington. Such fedtures can control water -levels and impede, or even
effectively block, ground-water movement. In addition, spring locations are
generally structurally controlled--as. may ke the temperature and chemical
quality of ground water.

Newcomb (1965, p. 29) described other effects of'basalt geology on the
hydrology: .

"The permeabillty and transmissive qualities of even the
thickest aquifers differ from place to place. Tight,
nonporous places are present at intervals along most

aquifers. Stratigraphic discentinuities--the pinching
out, overlapping, and fusion of flows and interflow
. zones-~are present. Stratigraphic traps, in which the

permeable - zones taper out between less permeable strata,
in places cause ground water to be impounded back to a
point of overflow or leakage arocund the gtructure."

Because there are many physical and structural variables affecting the
occurrence and transmission of ground water in basalt of the Columbia River
Basalt Group, local circulation patterns can be extremely complex. The relief
in the potentiometric surface of even an individual aquifer can vary
substantially, depending on local recharge and discharge relationships, and on
lateral and vertical changes in rock porosity and hydraulic conductivity. As
described -by Jones and Ross (1972, o 12):
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"The lateral extent of the different aquifers is
variable; therefore, hydraulic connection bLetween
- nearby wells of similar depths is variable. In some
places, water levels in a well will show considerable
effect of pumping from a nearby well of similar depth;
" in other places, nearby wells will have little effect
and more distant wells may have noticeable effect.”

In spite of the complexities of basalt hydrology, the water-bearing zones
can usually be divided into at least two general aquifer groups: an upper,
shallow aquifer unit and a lower, deeper unit. his subdivision has been
used in modeling the basalt aquifers in the Columbia Plateau (Luzier and
skrivan, 1973, Mac Nish and Barker, 1976). The subdivision has been based on
the somewhat different aquifer characteristics and contrasting water-level
patterns displayed by the two different depth intervals. The shallower
aquifers are cut locally by canyons or other surface depressions so that
their areal extent is 1limited and they are not generally connected to
significant sources of lateral recharge. The deeper aquifers are generally
continuous areally cver greater distarces than are the shallower aquifers and
are usually the more productive. These deeper adquifers typically comprise
the regional flow system and are often referred to collectively (as in this
report) as the primary aquifer system (fig. 4y, -
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Preﬁious Interpretations of
the Iocal Ground-Water System

Previous'hYdrologic studies in the Pullman-Moscow bas;n have vielded
useful information regarding ground-water conditions in the immediate
“ vicinity of the .cities of Moscow and Pullman, including the University of
Idaho and Washington State University. However, because of a scarcity of
wells’ elsewhere, an understanding of other parts of the ground-water system
had to be largely extrapolated from those two centers of information. 1In the
following discussions of previous studies and how they contributed to the
present understanding of the ground-water system, only the major basalt
aquifers and associated sedimentary materials are emphasized.

_ Moscow Subbasin

Jones and Ross (1972) and Crosthwaite (1975) subdivided the aquifers in
- the Moscow subbasin into so-called upper, middle, and lower artesian zones on
-the basis of water levels, chemical quality, and qtrat:.graphlc position. The
distribution of these zones and -their relationship to rock types in the ‘area
can be seen in flgure 4. This illustration combines the geologic contacts
that were defined by ©Lin . (1967, fig. 12) with the nomenclature on the
stratigraphy and artesian  zones defined by Jones and Ross (1972, fig. 4).
The most productive aquifers within each of the three zones are in basalt,
although scme wells penetrating the upper artesian zone near the eastern part
of the area may produce entirely from the upper interbeds (flg. 4).

Jones and Ross (1972, p. 12)4 -described the upper artesian zone .as

extending "from the surface--or the base of the surficial aquifers--to depths
of about 700 feet." Until 1964 all significant quantities of grcund water
pumped in the Moscow subbasin care from this “zone. Probably 95 percent of
the pumping was done by the city of Moscow and the ‘Uriiversity of Idaho;
together, this withdrawal averaged. about 1,700 acre—ft/yr between 1948 and
1960 {Jones and Ress, 1972, P 37).
Although the flrst wells drilled into the upper artesian zone (in the
1820's} were flowing at the time of completion, by 1960 static water levels
in this =zone had declined to nearly 100 feet below land surface at some
places. Because of' this decline and the fact that excessive amounts of
dissolved iron and moderate hardness were characteristic. of water in the
shallow zone, new public-supply and university wells were drilled in the
early 1960's to pump from deeper strata. ' : :
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As described by Jones and Ross (1972, p. 13):

"By the mid-1960's, heavy pumping from the upper artesian
zone ceased except during peak demand periods or during
emergencies when the deeper wells could not be pumped
because of difficulties with the pumps. Although the
number of domestic wells drilled into the upper artesian
zone has increased every year, the combined total pumpage
of the domestic wells in the late 1960's probably was no
more than 100 gpm [gal/min] ."

From the time pumping from the upper artesian zone abated, water levels in the
zone have been rising~--having recovered as of March 1974 to an altitude of
approximately 2,505 feet (fig. 5), or to within about 50-60 feet of the land
surface in most areas.

Jones and Ross (1972, fig. 4) defined the middle artesian zone as 1lying
between altitudes of about 1,700 and 2,000 feet and the lower artesian zone as
lying between altitudes of about 1,200 and 1,700 feet. As of 1975, these
zones were penetrated by only three producing wells. According to Jones and
Ross (1972, p. 13):
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"The only well that obtains large amounts of water from

" the middle artesian zone is University of Idaho Well
3. Although the well was drilled through the lower
artesian zone and into . the crystalline hasement, the
lower artesian zone was not productive at University 3
and the casing was perforated between depths of 660 and
775 feet, (elevation 1,905-1,790). in the middle artesian

_zone*kk, E ~ :

Those .authors continue to say:

"City 6 and City B8 Moscow wells 6 and 8 derive water
from the lower artesian zone--City 6, from both basalt
and a sedimentary interbed, and City 8,.from basalt.

- The productive zones are in the lower part of the lower
artesian zone, at about depths of 1,000 +o 1,400 feet
(elevations 1,600-1,200 feet)."

Durlng 1971 75 pumpage from the Unlversity of Idaho ‘well 3 averaged about
800 acre-ft/yr and pumpage from Moscow wells 6 and 8 together averaged about
- 1,600 acre-ft/yr. During the recent 5 vyears, " combined pumpage from the
middle and lower artesian zones has averaged about 2,400 acre-ft/yr.

Although water levels in the two deeper artesian zones in Moscow were not
measured before 1960, the potentiometric surface of each of the deeper Zones
is believed to have Leen always lower than that of the upper zones. In 1965
the static (non-pumping) water levels in Moscow wells 6 and 8 and in UI well
3 were all within S5 feet of the 2,310-fecot altitude and presently (1975)
gtand at about the 2,280-foot level. Therefore, the average annual rate of
decline during the last 10 years has been about 3 feet per year in each of
the three wells. - ‘ ‘ .
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Pullman Subbasin

Although in the past the characteristicé_ of ground-water occurrence and
availability in the Pullman subbasin appeared in some ways similar to that in
the Moscow subbasin, in'other ways it appeared to be very dissimilar. As a
result, controversies  developed fregerding the degree of hydraulic
interconnection between the two subbasins. - ) '

Foxworthy and Washburn (1963) provided evidence supporting the existence
of a ground-water barrier between Moscow and Pullman "on the basis of
significant differences in altitudes and fluctuations of water levels in the
two areas and differences in chemical character of the ground water." At
that time, however, the only pertinent data avallable for the Moscow area was
from the so-called upper artesian zone (fig. 4); these data came from wells
tapping aquifers primarily in the upper basalts, at altitudes above 2,300
feet. Most data for the Pullman area were collected from the most productive
WSU. and city wells, which tapped. aquifers below the 2,300-foot level. To
conclude that aquifers in- each of the two areas were hydraulically distinet,’
therefore, Foxworthy and Washburn (1963) had compared data for aquifers below
the 2,300-foot altitude in the Pullman area to data representative of
acquifers above that altitude in the Moscow area.

Data that became available after Foxworthy and Washburn's fieldwork
allowed Luzier and Burt (1974) to compare hydraulic characteristics of the
deeper aquifers at Moscow to the same at Pullman. In doing so, they
discovered similarities riot only between static water levels but in long-term
water-level declines in both areas. Luzier and Burt {1974, p.. 33) suggested
that the reason for the apparent mismatch between hydraulic and water-quality
data for Pullman and for Moscow--which had been documented earlier by
Foxworthy and Washburn (1963)--might be explained by differences in the
altitudes of the aqulfers from which the data were collected. Because the
static watexr - level and the rate of water-level decline-in UI well 3 (drilled
near Moscow in - 1963) seemed to correspond to the static water levels and the
rates of decline in the city and university wells at Pullman, Luzier and Burt
(1974, p. 33) suggested that hydraulic continuity in the "deep" aquifers does
indeed exist between Moscow and Pullman. :As they stated:’

"x*x*oyidence strongly suggests -that (1) prior to 1960,
pumpage and water-level declines at Pullman and Moscow
were occurring in aquifers vertically and hydraulically
separated from one another, those at Moscow being at a
higher 1level; and (2) the newly tapped deeper aquifers

..at Moscow are probably -correlative with and
" hydraulically connected with aquifers used for public
supply at Pullman. Therefore, accelerated rates of

decline at Pullman may be due in part to pumpage ip the
Moscow area as well -as increased pumping at Pullman.
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Foxworthy and Washburn (1963) had earlier acknowledged the difference in
the hydraulic characteristics between wells in the vicinity of Pullman which
penetrate strata above about 2,300 feet and those wells which penetrate below
this level. "They recognized that the . upper parts of the basalt sequence in
pullman (above an altitude of about .2,300 f£ft) contained aquifers of
relatively small ylelds and high, variable water levels, whereas at greater
depths the water levels were somewhat lower and more . consistent, and the
yields much greater. '

Geohydrologic Interpretatioﬂ and Rationale for Model Study

Because any aquifer system is too cemplex to model exactly, all that is
xnown and hypothesized about the system must be first condensed into a
conceptual model (a mental "blueprint") retaining only those characteristics
essential to the goals of the project. It is from this conceptual model that
the working model is later develcped. The conceptual model is based on the
construction and study of --various kinds of geohydrologic maps and
quantitative .descriptions of the aquifer system in time and space. This
section of the report describes such data and much of the reasoning used in
formulating the conceptual model--and eventually the digital model--of the
major aquifer system in the Pullman-Moscow basin.

Much of the local controversy and concern over whether or not the Pullman
and Moscow subbasing are hydraulically isolated continued into the recent
(1973-75) study, in spite of the well-founded conclusions by Luzier and. Burt
(1974). However, data collected .during the recent study indicate that a
legitimate argument against interconnection might exist only for the upper
aquifers of both areas and that aquifers below altitudes of approximately
2,300 £t in the Pullman area are part of the same aquifer system as are those
aquifers'within the so-called middle and lower artesian zones in Moscow.

The deep, relatively productive aquifer system—-common to all explored
areas within the horseshoe-shaped enclosure of crystalline rocks (fig. 2)y--is
herein referred to as the primary aquifer system.. Alsc, for convenience, all
aquifers of the Columbia River Basalt Group overlying the primary aquifer
system are collectively referred - to as the upper aquifer zone. As will be
shown in following discussions, static-water levels and the pattern of
water-level decline in all aquifers of the primary system are remarkably
consistent, thus permitting these aquifers to be modeled as a single
hydrologic unit; the upper aquifer zone is treated in the model as being the
source of vertical recharge to the primary aquifer system.
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- The separation of the aquifers in the Pullman-Moscow basin into two
units was based largely on the relationship seen in figure 6, where
water~level altitudes measured in rocks of the Columbia River Basalt Group
inside the basin are plotted against the altitudes at the bottoms of the
wells from which the measurements were obtained. The contrast between static
water levels in the primary aquifer system and those 1n the upper aquifer
zone becomes readily apparent in this comparison.

) With the one exception noted below for Moscow well 7, all water levels
shown "in - figure 6 were measured during the period 1973-74. .All water levels
in the Pullman subbasin were measured in March 1974, Water levels in the -
Moscow_subbasin in all but the four deepest wells (Moscow wells 6, 7, and 8,
and UI well 3), were measured in March 1973 by E. G. Crosthwaite (written
commun. ,- 1973). S s C co

Unfortunately, Moscow well'7 (well 39/5-7bdal in table 4 and fig. 6) had
no access for water-level measu;ement during the recent study. This well is.
unused, having been abandoned at a depth of 632 feéet because of caving
problems during drilling (Sockol, 1966, p. 11). The water level in the well
was most recently measured (December 31, 1966) to be 217.13 feet below land
surface (Crosthwaite, 1975, p. 58). - Because Moscow well 7 penetrates strata
for which water—level data are extremely scarce, this water level is shown in
figure 6.

Water 1evels,'used in figure . 6 for the three- deepest  wells in the
Pullman-Moscow basin {(Moscow. wells 6 and B, and UI well 3) were measured on
August 21 and 22, 1974. This was during a time of prolonged pumping and it
was not possible to shut off the pumps long enough to allow full recovery of"
the water levels. Nevertheless, the nonpumping water levels, which ranged
from 2,259 to 2,280 feet in altitude, seem to correlate reasonably well with.
those. measured elsewhere in the primary aquifer system during March of the
same Year. “When water levels in’ these wells were measured during a period of
less intensive pumping on ‘June ‘4, 1975, the altitudes were 2,281 feet in:
Moscow well 6 (unpumped for 4 months), 2,271 feet in Moscow well 8 (unpumped
for 30 minutes and water level still recovering), and 2,282 feet in UI well 3
(unpumped for 30 minutes). -

Although the bottoms of most wells tapping the primary aquifer system in
the Pullman subbasin are between altitudes of 2,000 'and 2,300 feet, three
wells penetrate deeper, to altitudes of 1,396 feet in Pullman well 4, 1,730
feet in Pullman well 5, and 1,912 feet in Pullman well 6. Measured
water-level altitudes in these wells on March 28, 1974, were 2,291.2,
2,281.6, and 2,291.7, respectively.

One of the shallowest wells in the primary aquifer system (bottom-hole
altitude of 2,219 ft) is the WSU observation well (14/45-5F1). The measured
water-level altitude in this well was 2,286, 7 feet on March 28, 1974. It is .
noteworthy that, although the WSU well taps only strata that are completealy
sealed off in Pullman wells 4, 5, and. 6 .(table 1), static water levels in all
four wells are remarkably similar.
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UpperpAQuifer Zone

Hydraulic conditions observed in wells above the primary aquifer system
vary greatly from place to place, depending mainly on each well's finished
depth and on the nurber and nature of the water-bearing zones penetrated.
The most 1mportant characteristlcs of these upper ~aquifers are discussed
below. '

Many of the shallowest wells penetrate agquifers which are apparently
perched above impervious 1lenses of clay or dense basalt. These surficial
aquifers are generally limited in extent, contain water under water-table
{(unconfined) conditions, and are not - everywhere dependable as year- -arcund
sources of ‘water. ’ ' ' ’

Although deeper wells in the upper aquifer zone penetrate confined
aquifers that are generally more dependable, well yilelds in the " Pullman
subbasin are substantially less than these in the Moscow subbasin. Typically
yielding less . than 20 gal/min, upper-aquifer wells in the Pullman subbasin
will not support heavy purmping. In contrast, upper-zone wells in Moscow have
yielded sufficient water to satisfy the demand for univer51ty and public
supply in that area until the early 1960's (p. 21}.

At present, conditions,in the upper.aquifer zone make this zone important
primarily as a source of domestic and stock water. Such conditions can be
generalized as (1) limited productivity of the upper aguifers in the Pullman
subbasin and'(a)fgenerally poor quality of water in these aquifers in the
Moscow subbasin. In addition the upper aquifer zone serves as the source
layer for downward 1eakage to the primary aqulfer system, as explalned in
detail, beginning on page 72.

Water levels in the upper aquifer 2zone in the Pullman subbasin have
characterlstlcally declined less than 10 feet since first observed in the
11940's or 1950's. Although continuous, long-term water-level data from the
relatively .shallow basalt wells in the Pullman subbasin are not available,
comparisons made between earliest available water levels and those measured
“during 1973-75 indicate that the upper aquifers in most. places have undergone
little, if any, historlcel water-level decline. Water levels at some places
in the shallow aquifers appear to have actually risen in recent years. These
. water-level trends in the Pullman area are, of course, in sharp contrast to
those in the Moscow area {shown in fig. 5), owing primarily to -the different
conditions of pumping stress in each of the two areas.

Because most of the wells in the upper aquifer zone were drilled only to
a depth of the first reasonably productive aquifer, the bottom-hole altitudes
of these wells are .generally good indicators of aquifer altitudes. The
general relationship displayed by most aquifers in the upper zone is that of
decreasing head with decreasing altitude of aquifer (fig. €). Because heads
in the upper aquifers are typically graded to the level ‘of the nearest major
surface drainage, there is generally a strong similarity between the shape of -
the potentiometric surface and the overlying land surface.
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A potentiometric map for the upper aquifer zone, depicting
pre-development ground-water conditions, was constructed (fig. 23, p. 76)
using water-level data presumed to be most representative. Although the
potentiometric surface is highly generalized, the overall gradient pattern is
similar to that mapped for basalt aquifers elsewhere in eastern Washington
(Iuzier and Burt, 1974, figs. 4 and 5; and Mac Nish and Barker, 1976, fig.

2). Data extrapolated from figure 22 were used in the model to represent .

head conditions in the upper layer. These data for the Moscow subbasin were
adjusted throughout _transient_ simulation to account for the historical
water-level fluctuation in that area, as explained further on page 75.

The Primary Aquifer System

_ In contrast to the varied nature of the hydraulic conditions observed in
the . upper aquifer zone, conditions within most of the underlying, primary
aquifer system appear to be remarkably consistent, both areally and with
depth. . The most important differences are cbserved, not within the basin,
but in the area west of the basin, between the surface-water divide and Union
Flat Creek. These similarities and ' contraste are discussed below, in
relation to explanations of how the local ground-water system is believed to

. function. '

. «v .The -areal fdistribution of the water levéls measured in the primary

. aquifer system.in 1974.15 shown in figure 7. The uniformity among water
levele inside the  Dbasin is, again, stronély evident here. Water-level
differences in wells at various locations in the central part of the basin
are relatively insignificant; considering the possible errors in land-surface
altitude and -the. effects of composite heads in wells tapping several
water-bearing zones, it becomes futile to attempt to delineate flow gradient
in detail or,contour_a_poteﬁtiometric surface. Only - when consideration is
given to.wate:_levels.meésured.o@téide and west of the basin does the pattern

of a nearly flat potentiometric surface break down. Water levels observed in
the deepest explored laquife;s west of the basin indicate a potentiometric

_ surface  that, for .the. most part, slopes toward Union Flat Creek--although
limited data suggest that this surface slopes toward the basin in the
southwestern part of the modeled aréa. Possible causes and implications of
this apparent change in the slope of the ground-water gradient west of the
basin are discussed beyond, beginning on page 37.° '

' Year-to-year water-level data for the primary aquifer system exist only
for wells in the vicinity of Pullman and Moscow. - Figure 8 shows hydrographs

.of static water . levels. for four wells .in the Pullman area and one well--the
UI well 3 (39/5-7cbbl)--in Moscow. These hydroéraphs indicate a long history
- of similar water levels in .all explored deep aquifers in the area surrounding
Moscow and Pullman. ' - ’ T ' :



GEOHYDROLOGIC SETTING 31

R.43 E. R.44 E.!S' R.45E. R.46E. 117°00" R, 5 W,
s2' [ él I
30" [ ol 1.
z\a 41

T
T. b4y

z}
16 . I’ ® 230/ —i:l
N. ‘

] T
. I
T. 82287 40
5 N.
N. 0 2285] '
*229¢
2279
a6° 32289 '
. 2292 2249 —
45’ 2 2260
% 2292 296 .
ez&g'g i 2276 .2@
[ ]
L ]
74 «2296

. |
2289 oP2g9 00 i |Moscow ) T.
2200 p*2295 2288 39

T 232 02?925 02297 L[] N
. 2283 * 285
14 228?.2286 1
N. * 229
]
~ \ Ml m I T.
38
Chambers ' N-
37’ | |
30" g ¢ U.S. Geotogical Surv ' '
F:Islznonr:m\;loshinqlo?—ur:u:o e ? 1 1 1 1 ? IOMILES
1963, 1: 250,000
EXPLANATION
[ . — ¢ ——
Water level measured - Boundary of western
March 1974 segment of basin
. , ---2200---
Water level measured Inferred location of equi-potential
August 1974 lines, based on water-level meas-.
urements and elevation of stream
. o : _ _
stage in Union Flat Creek. Indic-
Water level reported &

ated altitudes are in feet above

(by owner) August 1974 mean sea level.

FIGURE 7.--Areal dlstrlbutlon of 1974 water-level altitudes in
primary aquifer system.



32

BASALT AQUIFER SYSTEM IN THE PULIMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

_ 2370 1 T T T T ] T T

Lt

o Water level in 1890's

_. —

( F\\\\\\\

7 //.WeU14/454N1

z 2350 B Well 14/45.5D2 -

=

i [ ]

-

o)

<

= 2330 |- Well 15/45-32N2 -

1l

b T-

= B Y ]
- \\

g 2310 |- Available water-level/‘——\\ -

u data believed to be X

[ in error

[FE] - —
'—

e

= _ Well 39/5-7cbbl

il

o

> = -

=

5

=L 2270 1 l 1 l [ i 1 I |-

1930 1940 1950 1960 1970 1980

FIGURE 8.--Hydrographs showing water-level declines in
wells tapping the primary aquifer system.

Historical water-level data for areas other than Pullman and Moscow are
relatively sparse. However, static water levels reported by drillers upon
the completion of new wells are generally available for outlying areas. In
addition, water levels were measured in numerous ocutlying wells for the first
time during the 1950's by Foxworthy and Washburn (1963). Water levels in
almost all of these outlying wells were again measured in June 1975. In
figure 9, earliest recorded water 1levels (prior to 1960) are paired with
water levels measured in the same wells in June 1975. Although each
hydrograph in figure 9 is based on only two data points--and is therefore a
straight line--the consistent pattern of water-level decline in the primary
aquifers throughout the Pullman-Moscow bagin can be recognized from these
data.

Many of the earliest recorded water levels shown in figure 9 were
reported by well owners and drillers, and most of these levels compare
favorably with those measured by Geological Survey personnel at a comparable
time. However, because of the questionakle accuracy of the earliest reported
water levels in wells 15/45-8M2, 15/45-9Cl, and 15/45-140Q1 (table 4),
hydrographs for these wells are not included in figure S.
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Year-to-year water-level data have been recorded since the mid-1960's for
each of the three deepest wells in the Moscow area; however, only the records
for UI well 3 (fig. 8) appear to be dependable through the entire period of
record. Although the long-term pattern of water-level decline in Moscow
wells € and 8 generally conforms with that in UI well 3, the shorter-term
fluctuations in both Moscow wells are comparatively erratic (fig. 10), which
is related partly to the fact that these two city wells penetrate rocks of
lower transmissity (table 1) and therefore recover from pumping at a slower
rate than does the university well. In addition; these Moscow wells must be
pumped almost continuously during most of the vyear to maintain a public
supply, whereas the university well is pumped less frequently. Therefore,
non-pumping water-level measurements made in the different wells at the same
time do not necessarily represent comparable hydraulic conditions.
Contributing alsc to the apparent water-level differences between the  two
Moscow wells and UI well 3 are differences in the methods used to obtain the
data and the different agencies and personnel involved with the data
collection. Yet another reason for the observed water-level irregularities
is the fact that water levels in either city well are affected by pumping in
the other, whereas water levels in the UI well do not appeax to be
immediately affected by pumping in either of the city wells.

This short-term immunity of UI well 3 from the effects of punping in
Moscow wells 6 and 8 led Sockol (1966, p. 25) to suggest that the apparent
producing zone in the university well (middle basalts in fig. 4), has poor
hydraulic connection 'with the producing zone in the two city wells {lower
basalts). However, data gathered for the model study indicate that all three
wells are producing from aquifers which are, in the long term, mutually
interconnected and, thus, for modeling purposes, they are considered part of
the same (primary) aquifer system. 5

Although the apparent producing zones are separated locally in the
vertical direction by more than 100 feet of sedimentary material (the middle
interbeds in fig. 4), the intervening layer probably thins sharply to the
west, perhaps disappearing altogether, thus allowing crossbed hydraulic
continuity through thinner sedimentary beds or more permeable basalt. The
circuitous route to hydraulic continuity may account for the apparent delay
in water-level response to pumping in wells on opposite sides of the middle
interbeds in the Moscow area.

Similar delay of water-level response in unpumped wells to pumping in
other wells in the primary aquifer system is noted in the Pullman area. The
WSU observation well (14/45-5F1, 145 ft deep) is abcut 2,500 feet southeast
of Pullman well 4 (15/45-32N2, 954 ft deep). The principal aquifer in the
WSU well lies between altitudes of 2,260 and 2,300 feet (Crosby and Anderson,
1971); the city well is open only to strata below an altitude of 1,951 feet.
In other words, the aquifers open to the WSU observation well are physically
separated from those pumped in Pullman well 4 by more than 3C0 feet. When
their respective water levels are observed only over short perlieds of time,
the aquifers may also seem to be hydraulically isolated. For example, on
March 28, 1974, the static water-level altitude in the WSU well was 2,287.1
feet, while that in Pullman well 4 was 2,291.2 feet. Tha water level in the
city well was drawn down to an altitude of 2,238.9 feet after the pump was
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started. However, the water level in the WSU obzervation well did not change
measurably-—even after 6 hours of pumping from the city well (during which
time all other pumping in the area remained relatively constant).

Yet, if the productlve zones in -each of the ab0ve wells are not
interconnected by some means, how can the static water-level hydrographs for
both wells (fig. 8} be so' similar? The answer is, of course, that in the
long term the deeper aquifers in the Pullman-Moscow basin  must be
interconnected to a significant degree. Prokable reasons for the unusually
strong hydraulic 1nterconnect10n among these. basalt. aquifers are dlscussed
below. ' .
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Barrier Zone'to Ground-Water Flow

During the early stages of the recent study, emphasis was placed on
defining and understanding the hydrology inside the basin. However, as the
study progressed, and it became necessary to formulate a conceptual
description of the entire flow system to be modeled, concern shifted to the
area between the basin boundary on the west and Union Flat Creek. Owing to
insufficient data, very 1little was known about the hydraulic relationship
between. the aquifers in’ that area and those inside the basin. Although
information provided in prior reports was sketchy, it was generally believed
that the area to the west received ground-water "overflow" from the basin.

Water-level data collected from the deepest explored aquifers west of the
basin defined a potentiometric surface that sloped, in general, toward Union
Flat Creek and, in places, toward .the basin (fig. 7). The gradients there
were in contrast to the nearly-flat head surface cbserved for the. primary
aquifer system within the basin. Owing to the configuration of the obvious
geologic boundaries which enclose the basin's aquifers on the north, east,
and south, -and which underlie the basxn, it seemed appropriate that ground -
water would discharge laterally from the basin and flow toward Union Flat
Creek through the -open end of the crystalline "horseshoe" (flg. 2). However,
questions arose regarding the change in the slope of the deep ground-water
gradient near the kasin boundary on the west {fig. 7)

Hydrologlc irregularities in other areas in the Columbia Plateau that are
similar to those observed in the ‘Puliman-Moscow area, have keen attributed to
the effects of subsurface geologic structures. Iuzier and Burt (1974, p. 1l)
documented the existence of such a ground-water barrier in ‘the Odessa-Lind
area in Washington. plthough the exact nature of the obstruction near Cdessa
and Lind is unknown, abrupt changes in the regional ground-water gradient and
differences in long-term decline rates (on cpposite sides of the feature)
were interpreted as resulting from a band of rock having relatively low '
hydraulic conductivity in the lateral direction. 2Additional "examples of
huried ground—water dams in basalt terrain--and discussions of their causes
and' effectg~-are provzded by Newcomb (1961 and 1969).

To explain the abrupt steepening of the deep potentiometric gradient Just
west of the basin, in contrast to its uniformly flat character inside the
basin, it is postulated that there is an obstruction to deep, lateral ground-
water flow somewhere between the basin boundary on the west and Union Flat
Creek. Without the --damming effect provided by such an obstruction to the
west, head differences among the deeper aquifers within the basin should be
more discernible and the resulting potentiometric surfaces should be expected
to grade at a generally even slope all the way from the eastern margin of the
aquifer system to Unlon Flat Creek. As noted above and in figure 7, such is
"not the case.
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At the present time, the origin and exact nature of the apparent
ground~water barrier west of Pullman is open to speculation. As Poxworthy
and Washburn (1963, p. 11) pointed out, the nearly parallel alignment of the
major surface features in the region (fig. 12) suggests linear structural
control, such as that resultlng from volcanic dikes,. or perhaps from folded
or faulted rock layers. The p0351b111t1es for, and implications of, ' the
existence of such features are discussed below. ’ ' ‘

Swanson, wright, and Helz (1375, p. 896) have recently mapped exposures
of relatively young basalt flows paralleling the trend of Union Flat Creek in
the area west of the basin boundary. They describe these flows as occurring
"in narrow belts elongate in a northwest to north-northwest direction.” On
the basis of field mapping, they believe that each "belt is best explained as
an accumulation of flows erupted along a linear vent system” in the near
vicinity. Vertical or high-angle volcanic dikes in the area of the suspected
ground—water barrier ¢ould have resulted from such a vent system.

The,possibility_that a ridge of crystalline rock lles buried below the
basin boundary on the west, linking the exposed ridges between Albion and
Chambers (fig. 2), has been speculated for years, During the recent study,
an ' attempt was made to define the subsurface geology in the area by
geophysical methods (p. 48). The ‘resulting interpretations suggest that the .
basin floor is indeed “1ipped" on the west by a basement "high" trending in a
northwesterly direction (fig. 15). Because depths to basement rock are ‘also
interpreted tc be much greater west of the high and & depression on the basin
floor. is indicated north and a little west of Pullman, there is the
additicnal suggestion that the ba51n s aguifers 1lie -within a  bowl-like
alcove, perched above ‘the general level of the reglonal basement (fig. 12)

‘Brown (1976) has correlated chemloally similar basalts within the basin,
as . determined by analyses of basalt drilling samples. “Although a key
stratigraphic contact (see p. 45)  was mapped to be nearly horizontal within
the basin, Erown found the same contact to exist 700 feet lower near Almota,
15 miles west of ' the basin (fig. 12). This and other evidence led Brown to
conclude that areas west of the basin subsided while the basin remained
relatively stakle. (The concept of - regional subsidence in the .central parts
of the Columbia Plateau during volcanic episodes, while the marginal basalt
areas remained relatively high, has been discussed and is generally supported
by many, including Bingham and Walters (1965), Bush and others (1972), Siems
and others (1974}, and Swanson and others (1975}. . )

. The evidence provided by Brown (1976, p. il) for’ "the presence of a
tectonic,  transition area, possibly ‘basement controlled, west of
Pullman"—-coupled with the apparent existence of basement irregularities in
the same area, as’ interpreted from geophysical data--suggest that subsidence
to the west may.have hinged along the western edge of the basin. Certainly,
- folds and (or) faults could be expected 'to have resulted in the basalt
sequence near such a ‘"hinge line", in assoclation with the type of
differential subsidence described’ by Brown and other recent authors.
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Any one of the above-mentioned structures (dikes, basement high, folds,
and .faults), or . a combination of these, in the: area west of the basin would
almost certainly retard lateral exchange of ground water between the basin
area and the area of Union Flat Creek. Water movement to and from the basin .
across this area could be restricted to the extent that a common hydrostatic -
potential would  exist inside the .basin for all. aquifers among which hydraulic
circulation in the vertical direction was reasonably good and withln which
lateral flow was equally retarded west of the ba51n.“_ '

Because the effects of the (presumed) obstructlon to- ground-water flow on
the west, so clearly evident in the deeper aquifers, are not obvious in " the
upper aguifers, it appears that the uppex aquifers are unaffected: by the"
cbstruction. - In fact, the very reason why the aqu1fers in the basln can be-
readily separated into two groups seems to result from the existence of the '
cbstruction; the primary system has been defined on~ the basis of somewhat'
atypical conditions, probably caused by the obstructlon, that are not
characteristic of the wupper aqulfers. The upper aqulfers apparently lie
above the. feature(s) responsible for  the restricted ground—water flow at
depth and, therefore, exhibit hydraulic characteristics that are more typica1~
of “the Columbia River Basalt Group elsewhere in eastern Washington {p. 18.
Luzier and Burt, 1974, p. 6-10).

Explanatlons for the upper aqulfers being unaffected by the ground-water
cbstruction -are only. speculative at this time. . However, if the obstruction-
is the result of tectonic activity, one explanation may be that suggested by
Brown (1976, p. ii), that little tectonic activity has occurred in the ‘basin’
since the extrusion of the.olcer (deeper) basalts. L

Although the postulated obstructlon to ground-water flow west - of the’
basin might result from a .single, narrow geologic structure ‘coincident:
with--or just west of--the basin houndary,. the barrler effect also could be
the result of & complicated network of structure(s) spanning the entire area
between the boundary and Union ‘Flat Creek. Because avallable data do not
warrant an attempt in this report to define the exact 1ocatlcn, origin, and
nature of the obstruction, the general area of its probable existence is
regarded as an obstruction and is henceforth referred to as the “"barrier-
20ne" (figs. 11 and 12).

although differences ‘between the shallow and deeper aquifers in the.
rarrier zone are not as discernible as they are within the basin, sufficient
data exist to separate the aguifers over most of the barrier zone into upper

. and lower groups, each resembling their counterparts within the basin more

than they do each other. BAs within the basin, water levels in +the shallower
aquifers in the barrier zone have apparently not changed much with time. As
within the basin, water levels in the deeper. agquifers there have
declined-~although apparently at rates much less than within the basin.
Because pumpage from the barrier zone (and adjacent area to the north, west,
and south) has been insignificant, the decline there must have heen a result
of the pumpage within the basin. Because the deeper potentiometric surface
in the barrier zone seems to merge with that of the primary system within the
pasin, and this surface seems to have declined in response to pumping within

the basin, the deeper aquifers in the barrier zone must have some hydraulic
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link with those in the basin. In other words, while deep ground-water
exchange between the basin and Union Flat Creek appears to be severely
restricted, flow does not appear to be completely blocked in an east-west
direction across the barrier zone.

Because hydrologic data for the barrier zone are. extremely sparse, it is.
impossible at this time to draw conclusions regarding hydraulic relationships
for the area that could not be disputed or perhaps disproved with additional
data. However, presently available data suggest that significant water-level
differences do not exist among the different aquifers immediately adjacent to
Union Flat Creek. It appears that the two distinguishable potenticmetric
surfaces existing to the east merge somewhere near the stream channel and
that the resulting, singular water-level surface coincides with the level of
stream stage in the channel. It follows intuitively, then, that the stream
must be hydraulically linked to the adjacent aquifers.

The aquifers are believed to be mutually interconnected adjacent to the
channel to a greater degree than to the east because of an increase in the
vertical permeability of the basalt sedquence near the channel. Similaxr
increases in the hydraulic interconnection amcng basalt aquifers have been
noted along canyons in the Columbia Plateau elsewhere in eastern Washington.
such interconnection has possibly been caused by the release of internal rock
pressure and resulting expansion of the basalt as overburden was eroded from
jts surface (J. D. Luzier and R. D. Mac Nigh, U.S. Geological Survey, oral
commun., 1972).

In order to expedite the modeling effort, it was assumed that (1) the
deeper aquifers in the barrier zone function as a westward extension of the
primary aquifer system, (2) the " potentiometric surface of this system is
graded to and is hydraulically continuous with Union Flat Creek, and (3) the
upper aquifers and the primary aquifer system merge near the channel of Union
Flat Creek. As explained later, on page 59, Union Flat Creek is treated as
a constant-head boundary during model simulation; in other words, the aquifer
heads in the area of the stream channel are fixed at stream stage in the
model, :
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FIGURE 12.--Oblique-view relief map (vertical exaggeration 2X) of northern
half of Pullman-Moscow basin, and schematic west-to-east geologic section
(vertical exaggeration 8X) showing (1) inferred configuration of surface
of crystalline basement complex, (2) interfingering of sedimentary beds
and basalt flows in eastern part of basin, (3) general location of pre-
sumed obstruction to ground-water flow (barrier zone), which controls
lateral flow of ground water into and out of basin in the primary aquifer
system, and (4) relative depths of penetration into ground-water system
by deep wells drilled in basin.

Upper map shows entire basin, locations of nearby towns, Union Flat
Creek, and the Snake River Canyon. Depths to basement complex are
inferred from results of geophysical exploration (p. 48). Base from
U.S. Geological Survey 1:250,000 Pullman, Wash. quadrangle (1953), with
raised relief by Army Map Service.
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Relationship Between Hydrologic and
—Stratlgraphic Subdivigions.

Although the causes for the sharp hydraullc transitlon between the -
primary aguifer system and the upper aquifer zone can not at this time be
completely defined, it is necessary. to define where this transition occurs
over as much of the study area as possible because the areal distribution of
this boundary represents the top of the modeled aquifer system. Perhaps the
shape of this boundary surface offers a clue. as to why there are significant
hydraulic contrasts on opposite sides. - The boundarxry is not at the same
altitude everywhere in the modeled area. However, Jjudging £from the
water-level relationship shown -in figure 6, the boundary would appear to be
nearly horizontal at an altitude of about 2,300 feet over most of the Pullman
subbasin. Because of the apparent consistency in relief over much of the
basin, the boundary may correlate with some aspect of the nearly flat-lying
geologic units within the basin. . ’

" At places in the Pullman subbasin, the top of the primary aquifer system
appears to be associated with the -top of 'an interbed of sand and clay.
Russell (18927, . p. 79) and Foxworthy and Washhurn (1963, p. 15) made reference
to this sedimentary layer as being the aquifer that was earliest tapped and
pumped at Pullman (where it lies 50-75 ft' below the surface). The interbed
appears to be fairly widespread over the Pullman subbasin, generally lying
between altitudes of 2,270-2,310 feet above sea level. Where penetrated by
wells in the Pullman area, the interbed generally responds as the uppermost
aquifer of the prlmary aqulfer system.

According to J. W. Crosby III and J. C. Brown, (oral commun., 1975), both
of WSU, this dinterbed is the geoclogic~time equivalent’ of the Vantage
Sandstone Member of the Yakima Basalt (Waters, 1961, p. 607) of the Columbhia
River Basalt Group (fig. 13). Recent investigators of regional stratigraphy
in the Columbia Plateau have used this rather characteristic sedimentazry
horizon to separate the middle Yakima Basalt from the underlying lower Yakima
Basalt (Ledgerwood and others, 1973; Wright and others, 1973, p. 374; and
Siems and others, 1974, p. 1061). Where traced in. the Pullman area, the
interbed is generally overlain by a layer of massive basalt, believed to be
_the Lolo Flow (Siems and others, 1974, p..1064; and Brown, 1976, p.. 14).

In south-central Washington, the basal part of the middle Yakima Basalt
sequence is generally corprised of the Roza and Frenchman Springs Members
(Bingham and Grolier, 1966). However, Siems and others (1974, p. 1064}
report that neither of these units, which commonly overlie the Vantage
Sandstone Member of the Yakima Basalt over most of the Columbia Plateau, is
present in the Pullman area. According to Brown (1976, p. 14):

"The Roza thins'rapidly to the east and has been
N found within the Moscow-Pullman basin only in a
" thin exposure northwest of Pullman, near -the town
of Albion. 1Indications are that the Roza plnches
" out just to ‘the- west ‘of ‘Pullman, perhaps along a
Iine roughly correspondlng to the western. basin
'boundary o T : .
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HYDROLOGIC SUBDIVISION

STRATIGRAPHIC NOMENCLATURE PERTINENT TO MODEL STUDY
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FIGURE 13.--Stratigraphic nomenclature of Columbia River Basalt Group with
relation to hydrologic subdivision made for ground-water model study of
Pullman-Moscow basin. Stratigraphic nomenclature is modified from Siems,.
Bush, and Crosby (1974, p. 1061} and is a compilation from several sources
that do not necessarily follow the usage of the U.S. Geological Survey.
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Therefore, the horizon inside the Pullman-Moscow basin between the top of
the interbed of Vantage age and the overlying Lolo Flow appears to represent a
significant time gap. This apparent time gap in the. rock record within the
basin may have resulted because areas to the west were subsiding  during the
extrusion of the Roza and Frenchman Springs Basalt Members, while the basin
area remained relatively high.~ This. explanation 1is consistent with the
concept of a tectonic transition zone--or hinge line--near the basin divide on
the west (p. 38) and is compatible with the belief of Brown (1976, p. 18)
that there was "tectonic independence of thé Pullman-Moscow basin® during
periods of volcanic activity and regional subsidence farther to the west.

Brown (1976) wused chemical analyses of cuttings from basalt wells to map
the contact between the middle and lower Yakima Basalt units over much of the
Pullman-Moscow basin. BAlthough this stratigraphic contact, as .defined by
Brown, does not coincide exactly with the boundary between the upper aquifer-
zone and the primary aquifer system, some significant similarities are
evident. For example, available data suggest that most, if not all,
identified aquifers of the upper aguifer zone are within middle Yakima strata,
whereas the lower Yakima strata contain only aquifers classified herein as
part of the primary aquifer system. This apparent relationship between the
stratigraphy of the Columbia River Basalt Group inside the basin and the local
ground-water regime would seem to deserve intensive study and consideration
during future geologic and hydrologic investigations in the basin.

The main difference - between Brown's stratigraphic subdivision and the
hydrologic subdivision made for the model study exists in the Moscow subbasin.
Brown (1976, p. 15) has placed the contact between the middle and lower Yakima
Basalt units immediately - above a. thick clay sequence there (the upper
interbeds shown in fig. 4}, whereas the criteria (see below) used to separate
the upper aquifer zone from the primary aquifer system indicate that the
hydrologic distinction be made 1mmediate1y above the so-called middle artesian
zone--at the base of this clay sequence.

The hydrologic subdivision made for the model study was based primarily on
the fact that wells bottoming in the interbed sequence apparently have static
water levels ranging from 100 to 175 feet higher than those in wells
penetrating the primary agquifer system. Water-level data from two wells
(39/6-13cad3 and 39/5-7bdal) bottoming in the interbed sequence are provided
by Crosthwaite (1975, p. 10 and 11}, and the relationship between static water
levels in these wells and others in the basin are shown in figure 6.

Because water levels in wells penetrating the upper interbeds (fig. 4)
appear to be most characteristic of those in the upper aquifer zone, and the
sequence is assumed to function as a confining layer to the underlying,
modeled system (see p. 72}, = the upper Iinterbeds--for the purposes of the
model study--were categorized as part of the upper aquifer zone. The
distribution of the bottom of this sediment sequence is not well understood,
especially in areas north and scuth of Moscow. However, the bottom is
believed to lie near an altitude of about 2,000 feet beneath most of the
Moscow subbasin.
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As defined for the model study, therefore, the top of the primary aquifer
system slopes quite steeply from an altitude of about 2,300 feet beneath most
of the Pullman subbasin to an altitude of 2,000 feet beneath Moscow (f£ig. 14).
Iimited data from the barrier zone suggest that the aquifers there below -an
altitude of about 2,175 feet function as a westward extension of the primary
aquifer system. Owing to insufficient data indicating otherwise, the top of
the modeled (primary) system is therefore assured to be at -an altitude of
2,175 feet everywhere in thé barriér zone. Although this surface (fig..14) is
not presently clearly defined in places, being based on sparse or incomplete
information, it's definition c¢an. (and should) be improved  for future
refinement of the model as more data become available. C
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Geophysical Exploration

To obtain a clearer understanding of the area's subsurface geohydrology, a
geophysical survey--using electrical-resistivity and gravity methods--was made
by the Geological Survey (D. B. Jacksen, written commun., 1975) during a
2-week period in mid-October 1974, The purposes of the exploration were to
(1) obtain a better definition of the distribution and configuration of the
various rock units underlying the study area, and (2) determine the presence
of any geologic structures that might significantly impede the movement of
ground water within and west of the basin. '

The use of electrical-resistivity measurements to map the distribution of
gecelectric units is based on ‘the electrical conductivity differences between
rocks. Although all rocks are electrically conductive to some degree, the
principal factors governing their conductivity are (1) electrolytic
conductivity of the contained water, (2) the amount of water in the rock, and
"{3) the manner in which the water is distributed. - If resistivity contrasts
due to the above factors can ke detected and traced beneath the surface, then
the distribution of the gecelectric units responsible for the measured
resistivity differences can often be mapped with & precision adequate to help
formulate a conceptual model of the area's ground-water regime.

Of 24 resistivity soundings made in the study area, 21 seem to have
yielded beneficial information regarding the depths to the crystalline
basement rocks. Sounding locations and interpretations of the resistivity
data are shown in figure 15. Fifteen soundings were made along an approximate
east-west line, from a c¢rystalline outcrop on the east, through Moscow and
Pullman, to an area near Union Flat Creek on the west. From the crystalline
outcrop east of Moscow at VES 17 (vertical electrical sounding no. 17), the
basement appears to gradually deepen toward the west to a depth of about 2,450
feet below the site of the DOE test observation well (14/45-1Fl) and to about
2,800 feet beneath VES 10 near the eastern edge of Pullman. However, because
of "cultural noise" levels within the .-city 1limits, and the problems of
operating the equipment in- the traffic congestion, no soundings were made
within the city and a wide gap exists between VES 10 and VES 13. At VES 13
the crystalline basement was found to be about 200 feet higher than at VES 10.
Projecting the section between VES 10 and VES 13 gives a basement depth of
about 2,600 feet beneath Pullman (an altitude of approximately 25C.ft below
sea level). West of VES 13, the basement surface appears to dip slightly in
the vicinity of VES 11, rise back up near 12, and then, just west of the basin
boundary, drop below sounding depths at VES 14 and 15, '

The resistivity soundings are not believed to have encountered basement at '
VES 14 and 15 (fig. 15) because the geoelectric layer of relatively high
resistivity, interpreted as basement within the basin, did not show up on the
sounding curves for those sites, In other words, if the top of the
crystalline basement complex occurs near VES 14 and 15 at altitudes similar to
that within the basin, its electrical properties appear to have changed
between the two areas. .
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To the north, at VES 23 and 24, re51stiv1t1es characterigtic of the
pasement did show p—-at altitudes of about 800 and 1,000 feet below sea
level, These basement depths are 1n ~sharp contrast to those interpreted for
areas near the. ba51n boundary on the west at VES 22 and 21, where the top of
the basement apparently -lies at altztudes of about 1,350 and 500 feet above
sea level, respectlvely. U . .

Reslst1v1ty contrasts measured durlng the geophy51ca1 survey were not
sufflciently definitive beneath wide - enough areas to allow detailed subsurface
mapping of rock un;ts overlylng the basement. According to D. B: Jackson
{written commun. , 1975) of the .U.S. Geologlcal Survey, "The interbeds, where
we have. control are certalnly not very dlstlnctrve gecelectrically from the
basalts, perhaps because they'. are- fresbwater deposrts from a.low salinity
environment." However, correlatior’ between gecelectric units and lithologic
‘data in- drlllers' 1ogs was moderately . successful, _espec1ally Ain  the Moscow
area.. At.placés where the “depth ;" to . basement is “known from drillers' logs
(such7as - at UL~ well '3), the interpreted depths are in excellent agreement, A
layer of very low re51stivity found near the surface -in. many soundings west of
- Pullman probably is corrélative to the Palouse Formatlon, which appears to be
much thlcker there than east of Pullman. - -

The complete Bouguer grav1ty map of the study area, complled from grav1ty
measurements made during the geophy51cal survey, appears to prrmarlly reflect
gradlents associated with deep, regicnal features rather. than hoped-for
contrasts between the. baszn i1l and the crystalllne kLasement. Acccrdlng to
D. B. Jackson {(written commiun., 1975) of the U.S. Geological Survey, no use
has yvet.been made of the gravity data to postulate interbasin features or to
make_correlatlons with the resistivity interpretations. '
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DIGITAL MCDEL SIMULATION

The Dlgltal Model

Rellance upon d1g1ta1 models to a;d in the analyses and management. . of,
'ground-water resources in the State of Washington ‘has 1nqreased substantially
durlng the 1970's.. A vital functlon of the State of Washington. Department .of
Ecology is the formulatlon of. reglonallzed guldellnes. for dround-water
development which are in the best overall interests of satisfying the need for
the water resource, while at the same time providing. for its conservation. 1In
addition to  requiring - an evaluatlon . of .. ground-water . occurrence ,-and
ravallablllty, this respon51b111ty ~involves accessing. the advantages.-and
predlctlng the consequences of utllizing the ground-water. supply. The . dlgltal
model can help to test the. effeots of -alternate. ground-water-development plans
before they are actually enacted Beneflts resulting from such model analysis
are being - reallzed in . areas. of the State for which ground-water-flow models..
have been developed 1n the last several years. - Such models are.now.available
for the Odessa-Lind area. (Lu21er and ‘Skrlvan, 1973), the Columbia Bacin
Irrigation Project area (Taraka and others, 1974), and the Walla Walla River
basin (Mac Nigh and Barker, 1976; Barker and Mac Nish, 1976).

Use of a ground-water-~flow model as z predictive tocl is based on the
theory ' that, if historical hydrolegic phenomena can be satisfactorily
approximated by the model, future conditions also can be approximated. For
this presumption to hold, the historical cause-and-effect relationship between
stresses on the real flow system and the system's response to those stresses
must be simulated accurately. I+ is  further required that this
cause-and-effect relationship does not change significantly in the real system
during the peried for which responses are predicted. '

The model was developed over a period of about 8 months, during which time
important geohydrologic characteristics "of the real flow system were
incorporated . intc a FORTRAN computer program that can be run on any
large-capacity digital computer, such as- the IEM 36€0. Most of the
developmental . time was spent calibrating the - model ¢to reproduce the
cause-and-effect relationship between historic pumping and the decline of
water levels. During calibration, input parameters such as aquifer
transmissivities, storage coefficients, and rates of vertical leakage were
adjusted--within  the limits of sound hydrologic intuition and
principles-~-until a satisfactory approxlmatlon 0of the response to hlstorical
hydraullc stresses was achieved. .

Calibration of the Pullman-Moscow model involved simulation of both
steady~-state conditions and transient conditions. The steady-state model is a
numerical representation of ground-water conditions in the Pullman-Moscow
basin before significant ground-water withdrawal by man. Before the
mid-1890's the system was in a state of approximate equilibrium; recharge was
essentially equal to discharge. Because the volume of ground water in storage
was nearly constant, water levels were virtually stable. Owing to the
constant nature of hydrologic processes during that era, the steady-state
mcdel was designed to depict conditions independently of time. The transient
model provides a reproduction of historic ground-water conditions since 18%6,
when pumping of ground water at significant rates is assumed to have begun.
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Because conditions since 1896 have - cbviously not remained constant, transient
simulation includes the dimension of time.

The steady-state model was formulated first and served as a basis for the
transient-model design. The transient model is nothing more than the
' steady-state model upon which the historical pumping stresses are superimposed
and in which the dimension of time and the effects of changes in ground-water
storage are considered. Although each model includes much of the same program
logic and input data, each represents "a different set of conditions, thus
- requiring adjustment of different data in each of the models to achieve
calibration. Because ' the success of transient simulation proved to be so
dependent on the rates of vertical leakage (which were manipulated during
experimentation with the steady-state model), calibration became, basically, a
process of alternating steady-state runs with transient runs and attempting to
- make corrections between each simulation which were mutually agreeable to both
models. Details of data input to the model and the results of adjustments
made to achieve calibration are provided later in the report.
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MathematiealiDescriptioh )

d1g1ta1 model of the ~Pullman-Moscow primary. aquifer ' system- was
developed from a computer program writteén by Pinder (1971) and shares many
characteristics with ground-water—flow models developed for other areas. The
Pinder” model, based on " mathematical techniques described by Pinder. and
Bredehoeft (1968), uses an iterative, alternat1ng—d1rectzon implicit procedure
(ADIP) to solve finite-difference approximations of the nonlinear, partial
differential equatlons describing nonsteady two-dimensional ground-water
- flow. ADIP is a numerical techrique used to solve sets of simultaneous

equations which result from the flnlte-dlfference approx1mat10ns (Peaceman and
Rachford, 1955).. -

The geﬁeral equation which_desciibes _the twe—dimensional flow of ground
water under confined conditions is:- ' '

2h

2 [p2hl . 3 [, 3n) . 2h 4
| (T }‘+ oy, (T' sy T8 Toe TR | ()

where
-8 =-storage cceffic1ent, :
~h = potentiometric head or water 1evel
-t = time; . |
. T = transmissivity; L ‘ -
x and y = horizontal dimensions “of rectangular_segment of aquifer; an
W=

rate at which water moves vertically to or fron the aquifer
segment. :

Expressed literally, equatlon 1 reads.

‘Rate of net lateral = = 'Rate of change + Rate at which’

‘flow to and from - - ‘of the volume | water is being
gsore segment of ' of water stored - added to or _
the aquifer system - -~ in that segment remeved from that

agquifer segment
vertically (e.g.
as from wells).
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Use of the finite-difference approximations for the numerical solution of.
the flow equation requires subdividing the modeled area inte a grid of
intersecting rows and ceolumns (pl. 1). The rectangles thus formed are called
cells. Cell dimensions of 1/2 mile per side are used in the Pullman-Moscow
model. All model cells are numerically indexed and -can thus ‘be addressed
individually; within parenthesis the row number is' listed first, followed by a
comma, and then the column. For example, as - shown in plate 1, the town of
Chambers, Wash., is within cell (33,;17). Hydraulic parameters required by the
model (such as- transmissivity, storage, and water levels) were. either
measured, calculated, or estimated for the center (node) of each cell.

In addition.to the requirements of space subdivision, the method of
finite-difference approximation requires that transient simulation proceed
through a series of discrete time elements, called time steps. In order to
minimize truncation and other related errors, a rrogression of five time steps
per year was used in the Pullman-Moscow model. The chronology and lengths of
the time steps are as follows: 1 day, 5.days, 25 days, 125 days, and 209 days.
The incremental approximation of the continucus time functions introduce some
error into the simulation. However, the error is generally inconsequential
so long as the time steps are not allowed to become too long.

Because space and time are broken into discrete segments, the model's
numerical approximation to equation 1 differs from the analytical solution in
that it 4is not continuous in time and space. However, because high-speed
digital computers with large storage capacity can calculate the numerical
approximations so rapidly, it is possible to solve equation 1 for small
segments of the aquifer over short time steps--and théreby approximate
continuity. In general, the smaller the size of the cell, and the shorter the
time steps, the more closely the numerical solution approaches the analytical
solution. o ’ - S - = K

As used in the model, the finite-difference approximaticn of equation 1
for a single point in time and point in space (node (i, j)) can be expressed
as: )
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where the i and j subscripts correspond to the numerical. addresses of the
particular cells from which the indicated data are extracted to solve the
equation. The t subscripts denote the time levels to which the heads apply,
and the At in the storage term refers to the 1en§th of the time step for
which the equation is being solved. '

Other elements of equation 2 are:

h = potentiometric head in cell, in feet;

T = transmissivity, in feet squared per second;
x and v = length and breadth of 'the cell, in feet;

S = storage coefficient (dimensionless); and

W = vertical flux of water to or from cell,

in feet per second.

To describe the hydraulics of the entire aguifer system, equation 2 must
be compiled for every node where head wvalues are desired. The result is a
system of simultaneous linear equations from which the unknown heads are
calculated using the iterative ADIP. '

Basically, use of the iterative  ADIP involves sweeping the
finite-difference grid (pl. 1} .with a sequence of head solutions which
alternate between rows and columns of the grid. First, head values are
computed for each model node with respect to rows while all terms related to

the columns are - held constant. After all the head computations have been
processed row by row, the direction of solution is then alined with the
columns and the heads are again computed, column by column. Two such

alternate-direction sweeps, first by rows, then by columns, completes what is
known as an iteration, After each iteration, the differences between head
calculations in successive iterations are analyzed. Iterations are repeated
until the difference becomes insignificant, and convergence is congidered to
have been achieved.

The vertical-flow term (W 4.3 _1)) in equation 2 includes all components
of vertical flow into and stIsfa cell. These components include the
discharge of water through wells tapping the modeled (primary) aquifer system
and leakage to and from the upper aquifer zone overlying the primary aquifer
system. An expansion of the "W termk\%s shown by equation 3 below:

K
_ _k_ - 3
Yiad,0 - Twen T TN ED [hu(i.j.to) h(i.j,t-l)] G)
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where

]
1l

rate of pumping at a particular cell during the
time interval of the solution, in feet per second;
- vertical hydraulic conductivity of the
confining layer, in feet per second;
-thickness of the confining layer, in feet;
head of the upper aquifer zone, .in feet;

initial ‘timeé;’

‘:;ﬂ‘-
[

A -
£ =
mo

current time; and -
time at the end previcus time step.

)

Rigorous mathematical explanatiqhs of the procedures used. for the
finite-difference approximations are provided by Bredehoeft and Pinder (1970).
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Hydraulic Characteristics of the Modeled
Aquifer System

In hydraulic-modeling terminolegy, the flow of -water through a given
cross-sectional area in a given time 'is called flux. In the real world, flux
may occur in any direction. However, when designing a ground-water flow
model, it is usually most expedient to consider flux as occurring either
vertically or laterally. If a-difference is affected between total flux into
an aquifer system (recharge) and total flux from the system {discharge), a
change. of water in storage results, and thus water levels rise or decline.
Phenomena affecting flux conditions--and therefore water levels--are termed
hydraulic stresses. : S

How a ground-water system reacts to hydraulic stress, such as well
pumping, depends upon (1) the proximity and nature of the hydrologic and
geologic boundaries of the system, (2) the effective aquifer properties
(transmissivity and storage) of the system, and (3) the distribution of
recharge to-and discharge from the system. ‘In order for a model to accurately
simulate water~level change resulting from stress imposed on a real aguifer
system, all the above items listed must be defined and incorporated into the
simulation model with reasonable accuracy.

Data input to the model must, therefore, include the following:

1. Specified beoundary conditions,

2. Transmissivity of the primary aquifer system,

3. Storage coefficients of the primary aquifer system,

4. Pumping rates in wells tapping the primary aquifer system,

5. Thickness and hydraulic conductivity of the assumed confining
layer between the upper aquifer zone and the primary aquifer
system, and

6. Head distributions in both the upper aquifer zone and the
primary agquifer system.

Due to limitations in the availability and accuracy of basic data, some
compromises and assumptions are inherent in the data input - to the
FPullman-Moscow basin ground-water model. The following pages describe the
interpretations of basic data and the formulation of input data=--and also
point out some of the most important compromises involved in the translation
of "real-world" data to the model.
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Boundary Conditions

Boundary conditions are specified. in  'the Pullinan-Moscow model to control
lateral flow at the edges of the modeled aquifer system. The boundarles used
are the no-flow and the constant-head boundarles (flg.‘ 16). :

“A no-flow boundary is used to deplct ‘the effects of the lateral.
termination of the primary aquifer- system against the impervious crystalline
-basement complex. | This condition is also assumed where depths to basement -
are "believed to 'be .within a few tens of feet from land surface, such as
between the gap in the crystalline outcrops- south of Palouse, Wash. (fig.
1). The effect of - ‘having no lateral flow across, the modeled system's edge is
_accomplished in the model by assigning ' zero transmlssivity values to cells
where this condition. exists--either because of geolegic phenomena or

hydraulic co;ncxdences, as explalned below. ' .. . ‘ :

+ From the crystalllne ridge, whlch tapers out just north of Alblon, the.
no-flow boundary is continued west to abut the constant-head boundary along
Union Flat Creek. The no-flow designation “in this direction is believed. to
be justified, because water-level contours drawn from- available water-level
data indicate that the direction of v1rtually all lateral flow in the.area is
from east. to west enroute to the area of Union Flat Creek (fig 7). This
condition probably will not change in the.near future, as long as anticipated
rates of ground-water: pumping continue within the basin and-as -long as the
area west of the: basin .  remains essentially - dnstressed by ’ground-water
withdrawals. Because contours of the - potentiometric  surface run
approximately north-south acrdéss this area, the compromise of using a no-flow
boundary (which: runs perpendlcular to these contour lines) appears to pose no
serlous dlfflculty concerning model validlty at this tlme (1975)

* constant-head .houndarles are used o malntain glven water levels at
specific model cells, regardless. of water-level changes simulated for all
other-cells. - Because water levels - -for the constant-head cells- are not
re-computed for each time step, they do not deviate from those assigned
originally to represent steady-state conditions. The effect is .to allow
lateral rates and direction of flow across the constant-head cells to
fluctuate, depending on simulated water-level changes in cells adjacent to
the constant-head cells. ) ' S .

Union Flat Creek was treated as a constant—head boundary to the modeled
‘aquifer system because -(1) - the potentiometric .surfaces - of all explored
aquifers immediately adjacent to the stream are apparently graded to and are
hydraulically continuous with the stream, (2) the stream stage has apparently
not changed, and is not expected to change, significantly with time, and (3)
Union . Flat Creek is hydraulically remote from the basin proper to a
sufficient degree that reasonably small errors in the - simulation for the
stream area are not likely to. significantly limit the accuracy or usefulness
of simulated data for the basin area. Item (1) above was discussed on page
40 and item (3) is discussed on page 98; item (2) is discussed below.
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Although no ground-water levels adjacent to Union Flat Creek were found
“during the present study to be measurably lower or significantly higher than
the stream level, the local aquifers are believed to discharge to and receive
recharge from the stream; the rate and direction of such exchange depends on
the head relat10nsh1p between the stream and the  aquifers at the time. and
place in question. Judging from the shape of the generalized potentiometric
contours for the area (fig. 7), it appears that, at the - present time, the
aquifers are primarily discharging to the stream channel. However,  the
stream-aquifer head relationship near the southwestern part of the modeled
area probably is such that some local recharge to the aquifers occurs via
seepage from the stream ' ' :

. Aquifer discharge to  Union Flat Creek from the barrier zone has probably
diminished somewhat in recent years, because of pumping in the basin and some
flattening of the deep ground-water gradient across the barrier zone.
However, stream gains from the shallower aquifers on the opposite (southwest)
" side of Union Flat Creek have probably helped to offset any detectable stream
depletion and lowering -of average stream stage. The stream is perennial,
and, during a recent 1B-year period (1953-71), the average annual discharge
of the stream, as measured at the .gaging station near Colfax, Wash., was
27,000 acre-feet (37 ft /s) Analysis of cumulative precipitation at Pullman
versus cumulative runoff in Union Flat Creek fails to indicate any
significant deviation in the long-term relationship between the two. It is
‘believed, therefore, that stream-stage elevations have not been s:Lgnificantly
affected; Union Flat Creek is, and apparently always has been, ‘only 1 or 2
feet deep during most of the year. Thus, the use of a constant-head boundary

¥~ this area of the model, with the aquifer head specified as at the
approximate adjacent stream level appears to be justified.

As qround-water - development continues in the basin} ground-water
discharge to Union Flat Creek can be expected to continue to decrease, while
recharge to the primary aqulfer system (at the expense of the stream)
increases. However, as long as the pumping rates are no greater than
anticipated, changes in "stage and flow as a vresult -of the pumping will
‘probably remain difficult to detect along this stream. Likewise, .as long as
the model is used to project only the effects of pumping within the basin at
rates no greater than two or three ' times the present rates, the simulated
exchange of water between theé primary aquifer system and Union Flat Creek is
not expected to depart seriously from actual conditions. If, however, the
effect of simulated pumping is great enough to cauce water levels adjacent to
the stream to decline significantly--thereby causing computed rates of
recharge to approach or exceed the average annual streamflow—-the projected
effects of pumping could be overly optimistic.

The southern edge. of the modeled area, between Union Flat Creek and the
town of Chambers, was also treated as a constant-head boundary during model
calibration. The rationale for this condition being used here is that the
area south of the modeled area is virtually free of man-influenced changes in
the natural environment, and the water levels are expected to remain
essentially undisturbed-by development in that area for at least 25 years.
Because water levels.in this area to the south are believed to be. hzgher than
anywhere within the modeled area, flow across the boundary could be expected
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to increase in- response. to ground-water development within the modeled area
to the north. Of course, as development continues to increase within the
basin; the area of head decline could encroach into areas south of the
constant-head boundary and might limit the ‘actual amount of induced recharge
from the south. However, as long as simulated water 1evels’immediately north
of .the constant~head boundary do not decline excessively, so as “to produce
unreasonable amounts of north-flowing recharge across the boundary, there
should ,be -no' adverse effects on-the accuracy of simulated _water levels for
areas within the basin. . ‘ R - ’ '

As a safeguard against overly optimistic water-level projections during
future use of the model for management purposes, the southern constant-head
boundary .can .-be  converted--if desired--to a "steady-flux" boundary. The
" steady-flux boundary would.allow north-flowing recharge to. occur, but at a
rate that neither increases nor. decreases with time.. Such a rate can be
effected during simulation .at some specified time or when the computed rate

reaches & specified magnitude. . .

. Transmissivity

Transmissivity.data are a.quantitative indication of an aquifer system's
ability. to transmit K water throughout its entire thicknes;. Because the.
magnitude and distribution of transmissivity values.for the primary .aquifer
system was subject- to conjecture, the transmissivity data for the model had
‘to be calibrated by trial-and-error.simulation with the steady-state model.

Initial transmissivity estimates were based on a relationship believed
to exist - between. this . parameter and the specific capacities of the deeper
minicipal and university wells tapping the primary.aquifer system. (Specific
‘capacity is the: ratio of well discharge rate to drawdown.) The method of
‘estimating transmissivities - from specific-capacity. data has been used
‘successfully in other .model studies of basalt aquifer systems in ‘eastern
washington (Luzier and Skrivan, 1973; Mac .Nish and Barker, 1976). By using
yield - and drawdown data from drillers" short-terml pumping tests in
combination with the relationship .suggested by fTheis!‘~Brown,_ and Meyer
- (1963), +transmissivity estimates were computed by the ﬁorﬁulg:_ '

) T _3 - . ) .
T.= 3,1x10 Qr‘ . .
, o8 :
where T = transmissivity of the aquifer. system in IR , P
. . vicinity of_well, in feet sguared per second;
Q = yield of well, in gallons per minute, and - - -
8 =

water-level drawdown of pumped well, in feet. ..

EG

. 'lmoét'pumping tests by local drillers to. determine approximate well pro-
duction are run_for'periodsﬂqf'from 2 .to 6 hours. T o :

- . . . v oL
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Transmissivities computed‘in this manner, for productive wells in the primary
aquifer system, are shown in table 1.

Because the computed transmiss;v;ty values 1n “table 1 are so variable,
even for wells of similar depths in the same area, average ‘values were
believed to be most applicable for use in the model. Computations using only
data from the area's elght deepest production wells--which are believed to
best represent overall co dltions over most:of the basin--provided an average
transmissiv1ty of 0. 30 ft /s thzs average was used for the entire basin area
during early stages of" model . development. Ultimately, however, the initial
values had to be adjusted, as part’ of the calibration process; in order . to
simulate the appropriate potentiometrlc gradients. :

The final, calibrated dlstribution of transmissiuity values is shown in
figure 17. Because transm1551v1ty is a function  of . -aquifer . thickness, ‘the
values decrease near the margins of the basin to account fot- the thinning of
the aguifer system “along ‘the. edges of the crystalline outcrops. Alsoc, to
duplicate the effects of the apparent barrier .to ground-water flow west of
the basin i(p. 37)}. he calibrated transmxssxv1ties_ decrease to minimum
values of 0.001-0.09 ft /s just west of ' the ‘basin’ boundary, in a band roughly
parallellng the major topographic features in the area. . .

The potentiometric surface for the prlmary aquifer system has been
declining below the top of “the .System (asv defined infig. 14) in most parts
of the basin during the past 5-10 years, resulting -.in gravity drainage and
conversion to water—table conditions. .’ As..a result, transpissivities are
decreasing as the water levels decline; "Model -transmissivities were not
_ad3usted to dupllcate such an effect, for the following reasons: :

1. The saturated thickness of the primary aquifer system has not been
established well enough over broad enough areas to make the operation
’fea91ble. c e :

2. The actual effects of the transmissivity decreases -are thought to be
insignificant. Assuming, conservatively, that the average saturated
‘thickness of the primary .aquifer, system over most of the area
affected is 1,000 feet, water lévels must decline an additional 100
feet before a 10-percent change in the average transmissivity would
he realized. Until adequate saturated-thickness data become
available--at which time the model can be easily modified by changing
transmissivity values ~-in accordance with the.computed water-level

- changes~-the accuracy cf water-level pro:ections into the future
‘should  be affected only slightly as a result of using tlme~constant
transmlssivity values.‘“n
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 Storage Coefficient

The magnitude of _the water-level change that occurs in an aquifer system
in response to changes: in recharge - and -discharge depends partly on the
storage. coefficient. Storage coefficient--the measure of an aquifer's
‘capacity to store and yield water--may be defined as the volume of water that -
.an aquifer system releases from or takes into storage per unit horizontal

sarface'area:of aquifer per unit change in,head. o ' :

For an aqurfer under conflned condltlons, the storage coefflcient is
mainly a quantitative expression of the elasticity of the aquifer and its
water. Although rigid -1limits - cannot be practically established, the storage -
‘coefficients of most conflned aqulfers .range. from about .0.001 te 0.00001
,(Lohman, 1972, p._8) - - :

,_Prev1ous ,studies— of confined basalt aquifer systems in the Columbia
Plateau. have used the following storage-coefficient ' values for model
‘SLmulation- ff]; e ' ' :

I Between ‘0. 0015 and 0. 006 in the Odessa—Lind area (Luzxer and Skrivan,
' -'1973) : ‘

2. 0.0025 in- the. Columbla Basin Irrlgatlon Pro;ect Area (Tanaka and
'rothers, 1974) ’ ) '

- 3.- ‘Between 0 00047 and 0. 00475 1n the. Walla Walla River basin (Mac @ish‘
~ and Barker, 1976) T

Sterage coeffrcrents cemputed'from results of aquifer tests in the
" Columbia Plateau area are, in general, smaller values than those used in the
models. La Sala and Doty (1971, P. 35) reported that- storage coefficients in
confined basalt aquifers in the ‘area of Hanford, Wash., were found to range
from 0.0006 to an extremely low value of 0.000014. Alsc, Price (1960, p. 29)
reported a storage - coefflcient of "about .0, 0002" from a pumplng test in the
Ccity of Walla Walla, Wash

The calibrated storage coeffrcrent values used for confined conditions in
“the model of the primary aquifer system in the Pullman-Moscpw basin ranged
from 0.005 to 0.006 (fig. 18). These values are the result of much
'-dellberatlon and. tr1a1~and-error transient. simulation in which the "attempt
was made to match the magnitude and slope of ' the long-term water-level
declines in the area (fig. 8). Use of coefficients as 1little as even 10
~ percent smaller ~than those - illustrated caused unacceptable dlfferences
between simulated and measured ‘water levels.

Although. the ' range ‘of callbrated storage coefficients in the
Pullman-Moscow model is within the upper part ‘'of the range in values used in
the other modellnq studies of the basalt aquifers, the values are somewhat
larger than those indicated by aguifer-test data for basalt aguifers in the
same. region. .= Storage coefficients ‘somewhat ~larger than those generally
computed from aqnlfer tests probably are requlred ln the models, because the
effects of delayed yield from storage must be incorporated into the
simulation, whereas the effects of such phenomena are less llkely to show up
during short-term pumping tests.
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Delayed yield of water from storage (Boulton, 1954, p. 472) can occur
from a compressible bed of fine-grained sediment--such as a lens of the Latah
Formation--within an artesian aquifer 'sandwiched between relatively
impermeable layers--such as dense basalt flows. As Boulton (1954) explained:

"If an artesian aquifer contains beds of fine-grained
compressible material, these beds do not compress immediately
when the pore—water pressures at their boundaries are reduced
by pumping. Thus, Wwater -is sgueezed- out--of - them- rather
slowly, causing a_delayed yield from storage similar to that
produced by the slow draining of fine-grained beds under
water-table conditions." N

The widespread occurrence of clays and silts within the basin are believed to
be primarily responsible for the relatively large storage-coefficient values
required to match the slope changes in the long-term hydrographs for wells in
the prlmary aquifer system.

Although the storage coefficients shown in figure 18 ‘worked well " for
gimulation of periods before about 1968, the water-level-decline curves {fig.
-8) could not be matched into. the 1970's unless these values were adjusted,
where - applicable, to account for the transition from confined to water-table
conditions {(first discussed on page 63). Experimentation during transient
simulation with the model indicated that the effective storage coefficients
in the primary aqulfer system increased from the values shown in figure 18 to
about 0.075, where and when the potentiometric surface declined below the top
of the system (defined in fig. 14). ~ Figure 19 illustrates the -consequences
of not. simulating the effects of thls 'apparent ‘increase in the_ storage
coefficient for model cell (21, 18) i :

The__storage coefficient of a typical sedimentary . aquifer under
water-table .conditions is a function almost entirely of gravity drainage, as
only a small part of the yleld from such an aquifer comes from compression of
the aquifer and expansion of the water. However, when water is released from
or taken into storage in a basalt aquifer ' system under water-table
conditions, the process becomes more complicated because of the heterogeneocus
nature of the joint ‘and cavity structures .within a basalt .sequence. . -As a
result, the storage- coefflclents of. unconfined basalt aqulfers are generally
somewhat lower = than -the 'values commonly .quoted - for other nonartesian
agquifers, such as the 0.1-0.3 values of Lohman (1972).

To date (1975), the transition from artesian to water-table conditions
has not yet occurred everywhere in the primary aquifer system, and the
present definition of the top of this aguifer system is somewhat generalized.
As a result, the effects of the changing conditions may not yet be fully
recognized and incorporated -into the simulation model with as much accuracy
as would be possible following ancther decade or so of cbservation. Although
the change to an unconfined storage coefficient of 0.075 seems -to be
justified based on available data, additional data could suggest a somewhat
different interpretation.
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Pumpage

The time distribution of pumping ({the "P" component of equation 3, p.
56) . from the primary aquifer system is illustrated in figure 20. These data
for vyears prior to 1936 represent a straight-line projection from an
estimated annual pumpage of 300 acre-feet for 1896., The 1896 pumpage was
derived by assuming an average daily discharge of about 18,000 gallons (about
12 gal/min) from each of the 15 wells reported by Russell {1897} to exist in
Pullman at that time.

A reliable basis for model calibration was insured by the cooperation of
the local municipalities and universities in providing records of metered
pumpage during generally all vyears since 1935. Except for the gap in the
‘records between 1944-49, the data are generally excellent. Estimates of
unmetered private and industrial pumpage for years prior to 1960 were made
and used during transient simulation. However, no attempt was made to
account for such. pumpage since 1959, because it 1s believed to have amounted
to less than 5 percent of the total (Luzier and Burt, 1974, p. 28), and the
major effort required to compile such data did not appear justified.

As the rate of -pumping  has changed with time, so has the areal
distribution. Until 1937 significant pumping from the primary aquifer system
occurred only near Pullman--in areas represented in the model by cells
(21,17) and (21,18). (As mentioned earlier, pumping from the primary aquifer
system = in the Moscow area did not begin until the mid=1960's.) However, by
1974 pumping had spread to areas represented by nine cells, three of which
are in Moscow. The average annual rate of pumping from the primary aquifer
system between years 19871 and 1975 was about 6,600 acre-ft/yr; the areal
distribution of the pumpage is shown in plate 1.

Annual pumplng rates have been used in the simulation instead  of
attempting to duplicate seasonal fluctuations in the pumping rate because (1)
only annual totals were consistently available for most pumping sites, (2)
the additional cost required to simulate seasonal pumping varlations was
prohibitive, and (3) static water levels do not show significant effects of
seasonal fluctuations in pumping stress (Foxworthy and Washburn, 1963, flgs.
5 and 7).

bwing primarily to the absence of seasonally oriented irrigation and the
fact that water for public and university supplies is pumped essentially year
around, seasonal variations in pumping are not as pronounced in, the
Pullman-Moscow basin as they are in most rural areas in eastern Washington.
Figure 21 illustrates the month-to-month distribution of all significant
pumpage during a recent year (1974) for the Pullman area. This graph shows
that, although there is moderate seasonal fluctuation in the total pumpage,
the variation during most of the year does not deviate severely from the
steady rate used for simulation. . ‘ .
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FIGURE 21.--Month-to-month distribution of actual and simulated pumpage during
1974 from WSU and city wells in Pullman area.

The use of a constant annual rate of pumping, which was updated at the
beginning of every year, is not considered to have limited the ability of the
model to simulate the long-term effects of pumping from the primary aquifer
system. However, if desired, and if the additional cost required were deemed
justifiable, seasonal variations in pumping could be accounted for during
future simulations for water-management purposes.
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Vertical Leakage

Because the primary aquifer system is bounded - laterally by crystalline
rocks (assumed.to bé impermeable) and by rocks " in the barrier zone (whose
transmissivity is apparently extremely limited), the most 1mportant source of
recharge to the modeled system is downward leakage from the upper aquifer
zone, Vertical’ leakage was simulated in the model as though this exchange
occurs through a confining wunit  between the upper aquifer zone and. the
primary aquifer system., The real counterpart to this conceptual confining
unit  in "the Moscow area - is the upper interbeds (p.45 and: fig. 4). A
combination of fine-grained sediments and dense basalt presumably comprlses_
such a conflnlng unit over most of the remaining modeled area. The effect of
vertical leakage to and from the primary aquifer system across the assumed
confining layer, then, is simulated for each model cell by the equation:

K .
Q= E‘ (‘hu-_h)-Ar

where . - . L

0 = vertical flux across the confining laYer, in
cubic feet per second;

X = vertical hydraulic conductivity of the
- confining layer, in feet per second;
M = thickness of the confining layer, 'in feet;
hu'= head in the upper aquifer zone above the
confining layer, in feet;
h = head in the modeled (primary) aquifer system,

in feet; and
A = gsurface area of model cell, in feet squared.

Although values of A are known absolutely and data for both the space and
time distribution of the head wariables (h,; and h) are generally very good,
values of X and M had to be estimated or derived empirically. A "reascnable"
hydraulic conductivity (K) value of 2,0x10-2 ft/s—-chosen from a wide range of
possibilities suggested .by Bredehoeft and Hanshaw (1968, - table. 4, p.
1101)--was used for all areas of the aquifer system. A calibrated
distribution of M values was developed by trial-and-error simulation with the
-transient model while attempts were made to duplicate the magnitude and slope
of the historic water-level decline\ie the modeled area (fig. 8). - :

_ ) .

In theory, the M values represent the thickness of the upper interbeds
(fig. 4) in the Moscow area and the effective thickness of the basalt and
sedimentary layers that act as the confining unit elsewhere. The calibrated
M values (fig. 22), however, probably account for more than these dimensions.
Because K is a constant in the model, the M values resulting from the
calibration will, of course, <compensate somewhat for any errors resulting
from differences between actual wvalues of X and the assumed wvalue. In
addition, they probably help account for other differences between the real
system and the model such as those inveolving storage in the confining layer
(see below). Although the calibrated M values may not be directly comparable
to a specific, measurable parameter  in the real system, it should be
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recognized  that Ehey do appear to allow a reasonably accurate simulation of
the effects of vertical leakage to and from the modeled system.

In-response to adjustments in the pressure gradient across a.confining
layer (which result from fluctuating water levels above and below the layer),
changes may occur in the volume of water in the confining layer. The
associated exchange of water - (known as transient leakage) between the
confining layer and the aquifers above and helow is related to the elastic
properties of the water and the confining medium in addition to the porosity
of the confining material. |Effects of storage in a confining layer are
described mathematically by  Bredehoeft and:' Hanshaw (1968). Numerical
techniques have been developed  to approximate the effects of storage in a
confining layer (Bredehoeft and Pinder, 1970, and Trescott and others, 1976).
However: such procedures were not believed necessary in the simmlation of
vertical leakage in the Pullman-Moscow model for the following reasons: (1)
real data for the geometry and storage characteristics of the confining layer
were nonexistent and could only be generalized from well logs and the
available literature (rememberlng that the value already being used for the.
hydraulic conductivity (K) of the confining bed was, in itself, a generalized
value from the 1literature), and (2) the actual volume of water associated
with any transient leakage to the primary aquifer system is believed to have
been relatively small’ and, therefore, to have had negligible affects on the
potentiometric surface in the primary aquifer system. Such reasoning is
consistent with conclusions resulting from a recent model study of a similar
basalt aquifer system in the Walla Walla basin (Mac Nish and Barker, 1976).

Under actual conditions - that existed prior to about 1968, downward
leakage increased over most - the' basin as the potentiometric surface in the
primary system declined.  Since about 1968, however, heads in certain places
started declining below the top of the primary aquifer system, resulting in
unsaturated flow conditions between the upper ‘aquifers and the deeper system.
In . consideration of these unsaturated cdn@itions——when and where the .upper
zone becomes perched above the degper system—-the rate of vertical leakage is
at a maximum when the potentiometric surface for the primary aquifer system
is at the base of the confining unit through which leakage occurs (Walton,
1970, p. 362). In accordance with this phenomenon, an algorithm is used in
the model to prevent the rate of vertical leakage at any model cell . from
increasing above that-.computéd .when the head in- the modeled system is at the
bhase of the overlylng conflnlng layer.

An. 1mportant effect of the vertlcal -leakage limitation~-in both the real
and modeled system--is that vertical recharge to the primary aquifer system
beneath much of the basin will not increase above present (1975) rates as a
result of continued pumping development and increased head decline in the
system. As the potentiometric surface beneath mostof the Pullman subbasin is
presently below the top of the aquifer system, it would appear that this area
is already receiving vertical recharge at ‘about the maximum rate possible.
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As explained earlier, water levels in the upper aquifer zone (fig. 23)
_have not changed substantially from their steady-state positions over most of
the Pullman subbasin. In the Moscow area, however, the upper potentiometric
gsurface declined nearly 100 feet by 1960 and has since gained back about
one-half of that decline (fig. 5). 1In an attempt to account for the . basic
effects that this historical fluctuatior is believed to have had on the time
distribution of vertical leakage to the primary system, the head values- “in’
the upper aquifer . zone were corrected where applicable during transient
simulation by use of an algorlthm whlch takes into account the shape of the
hydrograph in figure 5 ‘ D ,

The only waterplevels‘ adjusted during.the correction procedure were the:
upper-zone levels east of column- 26  of the finite-difference grid (pl. 1);
upper-zone water levels over the remaining 80 percent of ' the modeled area
were fixed at their steady-state position throughout the transient
simulation, Maximum correction was applied -to water levels  east of column
30, in accordance with the full displacement dictated by the' -hydrograph in
figure 5. Water levels were adjusted to 75 percent of ‘that maximum in column
29, to 50 percent in column 28, and to 25 percent in column 27.

By adjusting the upper-zone heads during calibratlon of the transient
model, the resulting  simulated Ileakage to the primary aguifer system in the
Moscow area is - less than it would be without the adjustments. This provides
a more accurate approximation of .the histor1ca1 water-level conditions in the
Moscow area. The maximum 1mprovement gained by the - adjustment ig about 5
feet for the period 1955-65. - : :

Hrstorical changes in the upper-zone water levels in the Moscow .area have
apparently influenced.conditions. in the .primary aquifer system. It would be
advantageous, therefore, to account for changes in the upper-zone water
levels during model simulations into the future. quortunétely, it is
difficult to anticipate the future trend of water levels in the upper aquifer
zohe. . beneath .Moscow. If the zone were. to remain relatively unstregsed
(unpumped), as during the past 12-15 years, the water levels - would - almost
certainly continue to recover for a ‘time, as they have since about 1960 (fig.
5). However, a new (1975} filter plant is under construction in Moscow to
treat upper-zone water and make it more suitable for use; if pumping from the
upper zone here increases again as expected {Bill sSmith, Moscow city
engineer, oral commun., 1975), the upper potentiometrlc surface In the Moscow
area may decline once more. E

. Although any set ef upper-zone head values can be used in the model, the
more accurate these data, the more reliable the simulated results will be for
the functioning of the primary aquifer system. However, in the absence of
better estimates for future water levels in the upper aquifer zone, it is
probably reasonable to expect adequate results for most water-management
purposes by assuming that the heads in the upper zone will remain unchanged -
from- their 1975 posltlons. . . : .

The interactlon betWeen the upper aquifer zone and the primary aquifer
system could be simulated with more accuracy if a multi-layer model were used
such as that developed by Trescott (1975). The advantages of such a model
for the Moscow subbasin are discussed further on-page 106.
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steadf-State Analysis

The steady-state model is a - numerical representation of the hydraulic
‘state of the primary - aquifer system prior to approximately the mid-1890's,
"before man introduced stresses which altered the initial, or pre-development,
conditions. Except for the original water levels measured in Pullman by
Russell (1897}, real data defining initial hydrologic conditions in the study
~area do not exist. As a result of this: severe data limitation, control for
the steady-state model was largely extrapolated from patterns . of head .and
flux cbserved in the area since the 1930's.

~ Basically, the steady-state analysis involved simulating a set of
 hydraulic conditions upon which 80 years. of historic pumping stress could be
superimposed in a transient mcdel that would, then,,reproduce the historical
water-level decllne through 1975, Because of the lack.of data to define the.
actual steady-state conditions, W there was not a unique solution to the
steady-state analysis; different-. combinations of vertical flux and
. transmissivity d&istributions would .allow & reasonable -depiction of ‘the
potentiometric surface to be generated by simulation. Presumably, however,
only a  reasonably correct combination would allow adequate simulation of the
transient events through . 1975 to follow--using the generated steady-state
head surface as 1nit1al water-level conditions.'

, Wlthout evidence to the ‘contrary, the potentiometric surface in the
mid-1890's was conceived as resembling the surface as it is cbserved over
much of the area today--nearly flat within the basin and sloping toward Union
Flat Creek in the barrier zone (fig. 7). The water-level altitudes within
“the basin were assuméd to .be at about 2,360 feet, as reported by Russell
(1897) for wells at Pullman. Water levels in the barrier zone ‘near -the
southern boundary of the modeled area, ‘between Chambers and: Union Flat Creek,
were also assumed to be at an altltude of about 2,360 feet.- .

Because the steady—state potentiometric surface was virtually constant
with tine, so must have been all elements of recharge - and discharge. Owing -
to the confining nature of the lateral boundaries to the primary aquifer
system,  all lateral discharge  from the basin to the barrier zone must have
been equal to the net wvertical leakage (recharge) to the system within the
basin. Initially, all lateral flow beneath the western basin boundary was
presumably toward the west--out of the basin. In turn, the lateral discharge
to the western model boundary (Union Flat Creek) was necessarily equal to the
“sum of all fluxes to the system in the barrier =zone, including (1) the
lateral flow from the basin, {(2) lateral inflow across the southern boundary
(between Chambers and Union Flat Creek), and (3) the net vertical leakage
-(recharge) inside the barrier zomne. ' '

- The final steady-state potentiometric surface simulated with the
calibrated model is shown in figure 24. Figure 25 illustrates the general
distribution of simulated lateral flow under pre-development conditions in
the primary aquifer system. Figure 26 shows the d;strlbution 'of the
simulated rates cf vertical flux in the area at this tlme.



78  BASALT AQUIFER SYSTEM IN THE PULLMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

" RA3E. R.44E. 18 R.45E. R.46E. 790 R 5w.
' | :
w = o ] '
a0 gz 41
I|2 ‘N.
T <
z}
16
N.
1 T.
]
4
T. Albion I £
15 ’
N. ( [
[ ]
ag® —
as' [
ullman : (:)
: © Moscow F] T
39
T. I! N
12 '
N. .
J — T.
38
- O ' i N
Chombers !
37’ : | l |
3% gose from. UG, Geological Survay 0O 5 IOMILES
Pullman, Washington — Idaho 7 [ 1 i | i i

1963, 1: 250,000

EXPLANATION

. 2300
Line connecting points of equal altitude
on potentiometric surface, in feet ‘above
mean sea level. Contour interval is 10 feet.

FIGURE 24,--Simulated potentiometric surface representing steady-state
conditions in the primary aquifer system.



DIGITAL MODEL SIMULATION 79

R.43E. R.44E.'S R.45E. . R.A4BE. N7°00° R 5 w.
52 I g] [
130" - "ID - T
2z a1
I|e N
T. :’I '
16 %
N.
| T.
1
T. Albion 0
5 N.
N. 1
|
46°
N —
45
O Puliman O
39
T. r N
18 s .
N,
, T T.
. 18
L0 . N.
' Chombers !
37 L i 1
30 gase from u.S. Geological Survey 0 5 IOMILES
Pultman, Washington — idaho L 1 1 1 1 1 J
1963, 1: 250,000 -

EXPLANATION

2300
Line connecting points of equal altitude
on potentiometric surface, in feet above
mean sea level. Contour interval is 10 feet.

Boundary of western segment of basin

FIGURE 25,--Generalized dirctions of lateral ground-water flow in the primary
aquifer system under steady-state conditions. Rates of flow relate to simu-
lated quantities in table 2 in acre-feet/yr; arrows indicate general flow
directions. Potentiometric contours are same as in figure 24.



80  BASALT AQUIFER SYSTEM IN THE PULLMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

R43E R.44E. '8 R 45E. R.46E. 117°00' R. 5 W.
s2' | g! | :
- =g — A
30 g|: 41
z|o N.
T <
zl
16
N.
| L
I
T Albion ‘ 4NO
15 Cirs -
N L I
46° ‘% —
as' [ B
Moscow _}] T
N 39
i N
T S
14 }3
N.
s
38
o : N
Chaombers '
37’ | |
30 Bose from U.S. Geologicol Survey 0 5 IOMILES
Pullman, Washington — ldaho L 1 1 1 1 1 J
1963, 1: 250,000
EXPLANATION
Vertical leakage downward Vertical leakage upward
(recharge), in ft/sec (discharge), ft/sec
-l - 777 _e
14X 10 ~7.0 X'10™*". ~p2:30.00 — 36X 10
' l0.00 130 Boundary of western

segment of basin

FIGURE 26.--Areal distribution of simulated rates of vertical leakage into and
out of primary aquifer system under steady-state conditions.




- DIGITAL MODEL. SIMULATION 81

Transient Simulation

The transient model, which uses the solution of the steady-state analysis
for initial conditions, provides a simulation of hydrologic conditions in the
primary aguifer system, beginning in 189%96. Calibration of the transient
model was achieved primarily by adijusting storage coefficient values.
Whereas storage coefficients were fixed at zero everywhere in the
- steady-state model (no change of the amount of water in storage with time),

the effect of changes in storage on water levels was the prime consideration
during transient model calibration. -

When the B0 years of historical pumping stress (fig. 20) is simulated in
the calibrated transient model, the resulting distribution of total
water-level decline as of June 1975 is as shown in figure 27. The simulated
potentiometric surface for this point in time is as depicted in figure 28.
Figure 29 illustrates the time distribution of simulated fluxes in the
primary aquifer .system pertaining .to only the basin area. Figure 30 shows
the general distribution of lateral flow in the modeled area, as simulated
for June 1975; figure 31 shows the distribution of simulated rates of
vertical flux in the area at this time. : ’

. Observed Versus Simulated Conditions

Before the model could be used to indicate the response of the primary
aquifer system to anticipated stresses, it was necessary that it demonstrate
a reasonable ability to - duplicate the observed response to appropriate
historical stresses. Such an evaluation of the model's reliability was
continually maintained during the calibration period by comparing simulated
water level and water-budget items to those supported by field measurements
or deduced from hydrologic observation.

As discussed earlier, data pertaining to the - era represented by the
steady-state simulation are virtually nonexistent. Except for the original
water levels reported by Russell (1897) for the Pullman area, and the general
characteristics of a conceptual model formulated from present~day
observations, there was no information upon which to base calibration--and
evaluation of the wvalidity—-of the steady-state model. Because there was no
unique steady-state solution, it was established during model development
that the validity of any steady-state -analysis could be accepted only if a
suitably accurate transient model resulted when the steady-state solution was
used as initial conditions for transient simulation.

Figure 32 shows deviations of the final simulated steady-state water
levels from +those conceived to exist in the real system under  those
conditions. Theoretically, these .deviations are a measure of the errcr in
the steady-state solution. However, because of the extremely limited data
with which the pre-develoment conditions were defined, any further attempt to
improve the model regarding this kind of error was deemed impractical and
unjustified. )
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The accuracy of the transient simulation can be checked by comparing the
simulated water levels with those measured at the same points in time and
space. The hydrographs in figures 33 and 34 provide such a comparison for
the period 1933-75 in the Pullman area and the period 1960-75 in the Moscow
area. .Owing to insufficient data, long-term comparisons are not possible
‘outside the areas of the municipalities; however, figure 35 is included to
show the areal distribution of computed and observed water levels for June
1975. - :

A second check on the validity of the transient model would be to compare
simulated water-budget items with those measured or computed by other means
or by other investigators. Although such' simulated items are available
{(table 2), work in the past has provided little data with which to evaluate
the validity of the simulated rates of recharge and discharge. However, one
conclusion commen to most investigations (including this 'study} which have
attempted to define relative rates of recharge and discharge in the
Pullman-Moscow bagin has been that the rate at which water infiltrates from
the land surface to the ground-water body 'is very small--perhaps less than
5,000 acre-ft/yr, and almost certainly less than 10,000 acre-ft/yr. 1In this
respect, the simulated rates of vertical recharge to the primary aquifer
system alone, ranging from 3,100 acre-feet/yr under steady-state conditions
to 4,900 acre-feet in 1975 (table 2), appear to be at least reasonable.

A water-budget analysis by Packer (1955) indicated that 0.5 foot of water
annually  infiltrated into the ground-water reservoir underlying about 17,000
acres in the Moscow subbasin. Foxworthy and Washburn (1963) analyzed
‘water-level change in relation to pumping withdrawals and concluded that
recharge to the Pullman "“artesian zones" during 1949-59 water years averaged
2,150 acre-ft/yr.. Crosby and Chatters (1965), using age-dating . techniques,
concluded that only about 330 acre-ft/yr (or less 'than 0.01 ft) of recharge
occurred annually over the entire Pullman subbasin. Stevens {1960, .p. 343),
while suggesting. that. about 0.1 . foot- of water was available annually for
ground-water . recharge over 40,000 acres in the Moscow subbasin, conceded that
"meaningful quantitative estimates of ground-water recharge obviously cannot
be based on the relation of estimated precipitation to evapotranspiration.”

Any water-budget analysis in the Pullman-Moscow basin dealing with
hydrologic phencmena at the land surface must consider precipitation,
evapotranspiration, and surface-water runoff--including. spring discharge.
All remaining water would be logically regarded as infiltrated ground water
{recharge). However, because actual infiltration rates are probably.less
-than 5,000-10,000 acre-ft/yxr, errors in the estimation of runcff,
evaportranspiration or precipitation that exceed only a few percent would

 seem to severely limit the validity of the "difference method" of estimating
rates of infiltration: 1 _inch of precipitation, evapotranspiration, oz
runcff over the Pullman-Moscow basin (164,000 acres)’ is' equal to nearly
14,000 acre-feet of water. o "
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TABLE 2.--Comparison of simulated rates of recharge to
and discharge from the primary aquifer system,
under pre-development and 1975 conditioms

(A1l values in acre-feetf&r)

Pre-development 1975

conditions conditions
FLOW ACROSS MODEL BOUNDARIES Recharge | Discharge | Recharge | Discharge
Vertical leakage within basin area 3,100 ° 250 | 4,900 25
Vertical leakage within barrier zone 1,025 _ 0 1,075 C ]
Lateral flow across southern constant- ,750 Q 1,500 0
head boundary (between Chambers and ‘ v
Union Flat Creek)
Lateral flow across western . 350 4,975 1,300 3,725
constant-head boundary (along
Unicn Flat Crgek)
Pumpage : - 0 'f 0. 0 6,400
Change in storage 0 ‘ 0 1,375 0
Totals 5,225 5,225 10,150 10,150
| _, [ [ |
FLOW BETWEEN BASIN AND BARRIER ZONE, : ' '
BENEATH WESTERN BASIN BOUNDARY s : :
Subsurface discharge from basin e 2,850 1,250
area into barrier zone ’
Induced flow from barrier zone T - 0 ‘ . 1,450
into basin area . .
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.Probably the most reliable data upon which to base estimates of annual
precipitation in the basin is provzded by the ischyetal map shown in figure
3, from the Pacific Northwest River Basins Commission (1969). - However,
different planimetering techniques wused on the map (in attempts to account

for the wide range in land-surface altitude and associsated orographic effects

on precipitaticn) could easily _cause differences in computed annual
precipitation amounting to 10,000 acre- feet—-which is' less than 1- inch of
water when averaged over the entire basin. - ' :

A literature search for. applicable rates of evapotranspiration in the
Pullman—Mosccw basin prOVides differences, for the -crop of wheat alone, that
exceed 50, percent between rates computed by ‘different methods. In addition
to_ difficulties ’ regarding the estimation of - precipitation _and

evapotranspiration, any computation of a basinwide water budget must include -

an analysis of basin xrunoff requiring an estimate of discharge through
Fourmile Creek which has not been measured on an annual basis since 1939.

: Because of the lack of reliable .data  for defining elements for recharge

and discharge, ‘the modeled quantities can only be assessed for thelr
"reasonableness" in light of observed water-level conditions in the area.

Table 2 compares the annual rates of recharge and discharge to and from the

mcdeled aquifer system as 51mulated for the pre-pumping -era and for 1975.
This table and figures 25 and - 30 . show. that, as pumping within the basin-

increased and watexr: levels declined, the rate of ‘lateral flow from the basin
to ‘the west decreased while the flow into ‘the basin from the southwest
increased. Although there is no simulated lateral inflow to the basin  for
1896, by 1973 such recharge exceeded the "amount discharging laterally from

" -the bkasin (fig. 29). Model .analysis 1ndicates that this combinaticn of

salvaged discharge and captured recharge is presently provzding akout 3,000

acre-feet more water per ~yéar to the basin than was  provided . under.

pre-pumping ‘conditions. . Apparently, however, this -additional water--plus -the
. additicnal water resulting from increased vertical leakage from the wupper.
. aquifer . zone~~has 'not been sufficient to prevent . changes in. ..ground-water
- storage presently (1975) amounting to nearly 1,400 acre-ft/yr .over the

-modeled area. At .the present—day rates of pumping, water is simply leaving

the system faster than it is being replaced, thus, causing the reduction:of
grcund water. in storage .and .the continuing water-=level decline. ST

A questicn may seem to exist regarding the source. of water made available
to the primary aquifer system via vertical leakage from the upper aquifer
zone which according to model analysis, amounted to nearly 2, 000 acre-feet
more, per vyear in 1975 than under’ pre-development conditions. Unless this

.leakage were continually replenished to the upper zone, head loss would be

expected to occur in. the upper aquifers. However, except for places in the
Moscow subbasin, water _levels in the wupper -aquifers-apparently have not
declined Significantly. . ’

The heads in, the upper ,aquifer zone are believed to have remained_
relatively stable "beneath mcst of the Pullman subbas1n because of the-

increased percolation of surface water- in - recent years. Water that may have

been rejected by the soils and streambed materials in the‘past'is prcbably:
now accepted and helps to maintain equilibrium within. the shallouer_aquifers
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of the area. - Although this h&pothe51s ‘cannot ‘be proven because of a serious
lack of reliable ‘data on precipitation ‘and streamflow, evidence supporting
the -idea is discussed below. -

A computation ‘of -basin runoff during 1935-39 was made using published
Geological Survey records of gaged discharges of Fourmile Creek, Missouri
Flat Creek, and the South Fork - of the Palouse River. This computation, ‘which
included an estimate of unmetered -(and ungaged) sewage effluent, indicates
that the average annual discharge from the basin during 1935-39 was about
38,000 acre-feet, Another- computation ‘of runoff was made for the period
1960-74; this computation included metered (but ungaged) sewage effluent, and
reconstructed stream discharge in Fourmile Creek, which was ungaged during
the .latter periocd. These results chow that the dverage annual runoff during
1960-74 was about 53,000 acre-feet--which represents an apparent increase of
about 39 percent since the- 1930 S, - S

At first glance, the runoff '‘data may seem to indicate a historic decrease
in -subsurface infiltration rather than an increase, - as suggested herein.
However,. there are other important factors to consider. ’

Although the mesgerness - of the avallable data precludes an ‘infallible
means to relate the historical increase in runoff to basinwide precipitation,
records-of precipitation at Pullman for the period 1954- 75~-publighed by the
U.S. - Weather Bureau (1954-69) and the [U.S.] National Weather Service
{1970-75)--show a-30-percent -increase in the average annual precipitation
during ' the " same - periods ‘of Tecord used for - the zrunoff analysis.
Precipitation -during 1960-74, which averaged - 21.6 inches/yr, exceeded -the
1935-39 average (16.6 inches/yr) during 13 of the 15 years, and exceeded the
former ‘average by at. least: 25 percent during 8 of those years. Seemingly,
then, most of the ‘increase in  basin runoff since the 1930's could be
attributed to the concurrent increase in precipitation. ' o

~'The increased runcff has also been a result of more water being diverted
into the'surface-drainage systeir - in -recent - years because of man-induced
changes. Farmers in the northern and ~ eastern parts ~of the basin have
increased their attempts to drain ‘excess - water from their  fields Ly
installing culverts and tile-lined trenches. Population growth and increased
water use have also resulted in greater runoff from wastewater, such as that
from- car washes, laundromats, - swimming pools, industrial activities, and
sewage disposals. o - - B

e Records of treated sewage® contributions to Paradise Creek below Moscow
and the South Fork -of the Palouse River below Pullman were not maintained
before 1950, but total effluent during the 1930's is estimated to have been
no moré than 1,000 acre-ft/yr. - More recently, however, metered sewage
effluent from the Pullman treatment plant increased from about 1,150
acre-feet in 1950 to more than 4,000 acre-feet in 1974, and records from the
Moscow -plant show an increase from about 1,100 acre-feet in 1960 to more than
2,000 acre-feet in 1974, The present rate of total 'effluent-discharging to
the surfaceé drains (6,000 . acre-ft/yr) represents & 600-percent gain over the
estimated 1,000 acre-feet/yr. during the 1930's--which indlcates an average
increase of almost 150 acre-feet/yr since the" thirties. - ’
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The hlstorical increases in surface wastage resulting from field drains,

car washes, swimming pools, and laundromats .cannot be computed accurately.
However, such increases probably are safely: assumed to be propcrtlonal to’ the
.estimated increases in -sewage effluent durlng “the same " periled. .. {the
600-percent increaseé - since ‘the 1930'3,- ‘as - descrlbed in the ?'previous
paragraph) . ‘ : Sl el

What has happened to the increasznq amounts of water on the surface of

the bas1n ow1ng ‘to’ “the hlstorlcal ‘ircreases -in’ preclpitatlcn, ‘gewage
effluent, and other ~ wastewater? “It' 'was ‘stated earlier’ that most of the
" increase in basin runoff could probably be accounted for by the corresponding
increase in precipitatlcn alone. Because the concurrent. increase in sewage
effluent drainlng to basin streams was apparently about " 150 acre-ft/yr, it
seems hlghly llkely that enough: of the additional ‘water at’ the surface in
recent years’ has - percolated into the upper aquifers to offset the effects of
the 1ncreasznc leakage losses " t& 'the primary aquzfers. Thé water -loss’ from
‘the upper aquifer zone w1th1n the basin via vertical leakage to the- primary
aquifer system is’ s1mulated to have. increased at “a rate averaglng cnly 44
acre-ft/yr (0.06 ft3/s) ‘since the '1930's. ‘Increasing losses’ of -‘this small
magnitude would be ‘extremely difficult to detect--even if the additional loss
each year was - dlrectly from the stream 'channels——con51der1ng that - the
1ncrea51ng wastewater contrlbutlons to streamflow ‘can not - be’ prec1se1y'
defined. Additional examples and ‘discussion of ground-water récharge 'in
areas of basalt teérrain as a result ‘of direct infiltratlon from -stredm
channels and soil surfaces are provided-by Luzier ‘and Burt (1974, p. 5= &),
and Sokol (1966, p. 7- 8)

Puring - the recent study stream-discharge measurements were made on
September 11, 1974, ‘at three sites’ (pl. 1) between- Moscow and Pullman in an
attempt to . determine whether or not seepage'to'shallow basalt strata was
occurring through ~the streambed. An attempt was made  to make the
measurements during a period ‘of constant sewage discharge from the Moscow
treatment plant, but it is-’ suspected -that .effects of,fluctuating rates of
' effluent discharge were not entirely eliminated. although ‘a gain of 0.51
ft ¥/s was recorded in the streamflow between sites- 1 and 2, a“loss of 1.01
ft °/s was measured between .sites 1 and 3. Between sites 2 and 3- the measured
loss was 1.52 £t3/s. Although these. measurements suggest that - streambed
leakage 1is-- occurring, additional measurements are needed. that are not
affected by fluctuating rates of sewage effluent to- help éstablish the
premise for streambed léakage as fact. . -

-
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Projections of Water-Level Trends to 2000

Three model runs were made to 2000, projecting different patterns of
pumping from 1976. In two .instances, the simulated pumping was increased
annually as a percentage of the previous year's rate, and in the other case
the pumping was held at the estimated 1976 rate of 6,600 acre-ft/yr during
the entire period of projection. :

The pumping rate was estimated for 1976 by averaging the annual pumpage
for the previous 5 years (1971-75). Likewise the areal distribution of
pumpage during each of the 24-year projections was based on sites of 1971-75

pumpage (pl. 1). _ A .

To help guard against projecting unreasonable rates of lateral recharge
across the southern constant-head boundary between Chambers and Unicon Flat
Creek, the rate of influx here was fixed through the entire projection period
at the rate simulated for 1975 with the calibrated model. (The concept cof
this steady-flux boundary is explained on page 62.) Because of the
inability to anticipate upper-zone water-level fluctuations, all upper-zone
heads in the model were also assumed to be fixed at their 1975 levels.

When the simulateéd pumping rate is held at a constant 6,600 acre-ft/yr,
water levels in the primary aquifer system continue to decline through 1939,
However, the total decline by 2000 is less than 10 feet below 1975 levels and
the ‘rate of decline decreases to about 0.2 ft/yr, as seen in figure 36. The
resulting water-budget items are shown in table 3. .

2285 T — T i

Simulated decline in Pullman

area for cell (21, 18)
2280 |- ‘

/

2275 ' : ///;~~.‘~ ' ' 3
s Simulated decline in Moscow . ~—

area for cell (20, 33) ™~

2270 . | 1 | H
1975 1980 1985 1990 1995 2000

ALTITUDE OF WATER LEVEL,
IN FEET ABOVE MEAN SEA LEVEL
/

/

FIGURE 36.--Projected water-level declines in Pullman and Moscow areas,
if average annual pumping rate of period 1971-75 (6,600 acre—ft/yr) is
continued to 2000. Projection based on digital simulation of primary
aquifer system.. '
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TABLE 3.--Comparison of’ 51mulated rates of recharge to and discharge
from the primary aquifer. system by 2000, under three conditions

~ of pumping projected from 1976 rate of pumping (average of 1971 75
rates)

RATES OF FLUX BY 2000 AS RESULT OF PROJECTING
1976 RATE OF PUMPING TO INDICATED MULTIPLES OF THAT
RATE .- ‘

[All wvalues in acre—feet/yf]
{1976 pumping (1976 pumplag ©..(1976 pumplng3

_ . ag 6
FLOW ACROSS rate x 1) rate x 2) rate x. 2.8}

MODEL BOUNDARIES | Recharge| Discharge Recharge Discharge Recharge Diseharge

Vértical leakagé'within . 5,000 0 5,100 o 5,175 17 Q
basin area : :

Vertical leakage yfthin 1,100 [ 1,125 0 1,150' 0
barrier zome ' .

Lateral flow across 1,500 - 0 1,500 Q 1,500 0

- sputhern constant-head. : ’ : '
boundary (between
Chambers and. Union
Flat Creek)

Lateral flow across F 1,450 3,550 1,850 3,400 2,125 | 3,330
. western constant-head ’ S .
. boundary (along
Union Flat Creek)

Pumpage - | o | 6,600 0 | 13,200 | ° 0| 18600

Change in storage 1,100 0 7,025 0. | 12,000 0
. Totals 10,150 | 10,150 | 16,600 | 16,600 | 21,950 | 21,950

FLOW BETWEEN BASIN AND
BARRIER ZONE, BENEATH
WESTERN BASIN BOUNDARY

Subsurface disphargé from 1,150 ) 1,000 - : 875
basin area into T : A
barrier zone

Induced flow from barrier 1,675 - 2,100 : . 2,425
-zone into basin area .

1/

Constant pumping rate through all 24 years of projection (at 6 600 acre-feet/yr)

AIB-percent increase in pumping rate each year, beginning in.1977

2/4.67percent increase in pumping rate each year, beginning in 1977
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By increasing the simulated rate of pumping each year by about 3 percent,
the 1976 rate of 6,600 acre-ft/yr is doubled by year 2000. Results of this
prejection indicate that water-level decline in both the immediate Pullman
and Moscow " areas by year 2000 would be slightly more than 30 feet below 1975
levels . (fig. 37), and that the potentiometric surface would be approximately

_as shown in figure 38. The simulation indicates that such decline would
cause increased flow to the basin from the southwest which, in turn, would
result in greater decline in the barrier zone than has previously occurred.

Stevens, Thompson, and’ Runyan (1970) estimated that by 2000 the total
annual water requirement in the Pullman-Moscow area will be 18,600
acre-feet--or about 2.8 -times the estimated 1976 pumpage. To pump the
indicated requirement by the year 2000 requires an annual increase of about
4.6 percent  from the 1976 pumping rate of 6,600 acre-ft/yr. When such a
projection is made with the model, the results shown in figures 39 and 40 and
table 3 are obtained. The maximum projected water-level decline below 1975
levels is about 55 feet in the Moscow area. Aside from the rather large
change in the volume of water annually lost from storage by year. 2000 .(12,000
acre-ft/yr; table 3), thé most striking adjustment in the rates of recharge
shown by this . model projection is that of water coming into the modeled area
from the western model boundary along Union Flat Creek.

Pumping in the basin at rates which are double or nearly triple the 1976
rates would certainly be expected to affect the western part of the modeled
area in ways®' that have not yet been noticed. Although the results of such
pumping can be simulated with the model, it is difficult to judge the
validity of the simulated effects for areas near Union Flat Creek. Simulated
rates of recharge and discharge to anrd from the constant-head boundary
representing Union Flat Creek ‘are, of course, dependent on head relationships
that are based on sparse data  (p.59). However, experience with the model
has shown that moderate’ chariges in the rates of flow to and from this
boundary have relatively little -impact on simulated water levels . inside the
basin. Apparently, the productive areas of the primary aquifer system inside
the basin are somewhat 'buffered from hydrologic events near the western
boundary of the modeled area, owing to the wide band of extremely low
transmissivities that presumably span the barrier zone between Union Flat
Creek and the basin. So, although the presently (1975) available data is
insufficient to confirm the projected fluxes along Union Flat Creek, the
simulated fluxes appear to be reasonable in light of available information,
and the effects of any reasonably small errors in the simulation for this
area should not significantly limit the usefulness of simulated results for
the manageable parts of the primary aguifer-system within the basin.
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FIGURE 37.--Projected water-level decline below 1975 levels, by year 2000, if

average annual pumping rate of period 1971-75 is doubled between 1976-99.
Projection based on digital simulation of primary aquifer system.
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FIGURE 40.--Simulated potentiometric surface for year 2000, assuming average
annual pumping rate of period 1971-75 is nearly tripled between 1976-99.
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SUMMARY -

Ea

Ground water in ‘the Pullman-Moscow basin {164,000 acres) occurs primarlly
'1n basalt and in -interbeéds of gravel,' sand, and ‘clay berieath the 88,000 acres
of the basin lowland. Dense crystalllne ‘rocks - underlie the basalt flows and
unconsolidated sedimentary materials' and form- the hills surroundlng the bas;n
‘on - the- north, east, and south; ‘the- crystalline rocks - neither ' store  nor
transmit’ significant quantities ‘of - water. - Although largely unmapped at
déepth, the ~basalt-sediment sequencé ‘increases in- thickness- toward the -cénter
‘of the basin. ‘Recent geophysrcal data suggest that the-lhottom-of the basalt
is deepest near Pullman, where it is estimdted to :be’ about 2,600-feet - below
the land surfade, or about -250 -féét below sea level. - To expedite the
modeling procedure, the basalt-sediment sequence was subdivided into ~two
~units on the kasis of measurable dlfferences ln water levels in the shallow
and deeper aquifers. it _-- o : . : SR B
R All explored aqulfers below- alt;tudes of about 2,300 feet’ above Sea level
‘in the Pullman’ subbasrn and about 2,000 feet near Moscow belong “to the deeper
-unit. Thedge deeper aquifers ‘function collectively as "a hydrologic system,
because the hydraulic propertles, ‘water levels, 'and long-term response - to
‘pumping are remarkedly - oonsistent among the varioug ‘aqulfers which'-corprise
this unit. This relatively productlve -group of aquifers was ‘désignateéd  in
this study as the primary aquifer system, _
s Cee I B TR
All aqulfers above the brimary aqu1fer system were for convenlence
comblned into what is called the'-upper aquifer - zone. This .group - of’
aqu1fers,lhdwever, does not’ comprlse a true hydrologic -system ‘because the-
'hquifers*”do_“ﬁOt' display ' hydraullc properties - that are conslstently"
. compatible from place ‘to place. --In addition, h1stor1ca11y the 'unit "has
responded to stress ‘in ways that dlffer markedly from the response observed
in the prlmary ‘aquifer- System. b T et - . - R '

The ‘d1fferences between the primary aquifer system and the upper
aquifer zone are believed to be largely controlled by geologic variations
in the area between- the basin boundary on the west and Union Flat Creek.
Lateral flow of ‘ground water in this area appears to be restricted by some.
kind of subsurface barrier, possibly related to a buried ridge of
crystalline rock' or fault offset(s). More information is required to
sufficiently define the relationship between the geologic controls and the
movement of ground water in this area, which is referred to as the barrier
zone.,

Ground-water recharge to and discharge from the basin occurs by (1)
lateral flow across the basin boundary on the west and (2) vertical leakage
to and from the land surface. The prevailing direction of ground-water
flow is from east to west, out of the basin. Although the rate of this
lateral discharge from the primary aquifer system is decreasing annually,
the rate of vertical recharge to the system is increasing. Both phenomena
result from declining water levels in the system, owing to a progressive,
.almost year-to-year ‘incredse in water pumped for public and university
supplies. Pumping rates from the primary aquifer system during the 1971-75
period averaged about 6,600 acre-ft/yr.
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The primary aquifer system was modeled by means of a digital-computer
program using the technique of finite-difference approximation. The effects
of the vertical movement of water between the upper aquifer zorne and the
primary aquifer system were accounted for by assuming this exchange cccurs
through an intervening confining layer that thins from east to west. The
model's ability to reproduce with reasonable accuracy the historical
relationship hetween ground-water pumpage and water-level de¢line, and to
simulate elements of recharge and discharge which do not violate the amall
amount of information on the various elements of the water budget, is a
positive indication that it can be used successfully to predict for some time
period the response of the primary aquifer system to different conditions of
hydraulic stress. :

The digital model should be of value in helping State and = local water
planners establish a comprehensive and practical water-management policy
regarding future ground-water development. Experience with the model to date
(1975) suggests that it will adequately meet the needs for information
required for most ground-water-management decisiens, provided that (1) the
projected pumping is confined to the interior 1lowland of the basin, (2} the
total pumping stress does not exceed about 20,000 acre-ft/yr, and (3) the
period of projection does not exceed about 25 years. : .

‘Results of model analysis, in which different conditions ¢f pumping were
projected to 2000, indicate that water-level declines will continue if the
present-day pumping rates are maintained or increased. A maximum additional
decline of about 55 feet is indicated if pumping rates were nearly tripled
during .1976-99. However, because of the. strong correlation between the
pumping stress and water-level decline, simulation indicates that the rate of
decline would be reduced to less than 0.2 ft per year if pumping rates were
to stabilize rear the present-day average of 6,600 acre-ft/yr.
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.RECOMENDAT:‘:ONS' POR FUTURE INVESTIGATIONS

. A program of water-level monitoring in wells representative of both the
- upper- aquifer zone and .the primary. aquifer . system should be continued Water
levels in the upper aquifers should .be monitored to document any changes
‘ occurring in responsge to the heaVier pumping antiCipated from all aquifers:
during the next few years. Water levels.in “the. primary aquifer system should
be’ monitored to provide a continuing data base upon which to judge the
reliability of the model. .

Because the water-level decline is_ S0, closely controlled by the pumping
rates, it is critically important that - accurate and comprehensive pumpage
data ke compiled ‘on . a continuing baSis., Such data incorporated each year
into the model ‘would keep the. simulation up to date and would provide the
base from which pumping pro;ections into the future can be made. Unless the
pumpage input is reasonably accurate, there would be no justification for -
making reViSions to the .calibrated model to achieve a better fit with
observed water levels. .

CIf the _pumpage input is thought. to be reasonably accurate and the model
still fails to simulate water levels that adequately resemble observed
conditions, the storage coefficient is the model-input parameter that should
first be considered for re-adjustment. Owing to the ongoing conversion from
confined- to water-table conditions, storage‘ coefficients . in.the primary
~aquifer system are undergoing change at the present time (1975). ' Because of
this, the full nature and. extent of this change may not. yet "be realized and
accounted -for in. the nndel., :

; Another ‘way to improve the model formulation would be to obtain a better
definition of the top of the primary agquifer system (fig 14), especially for
‘areas west of the basin ~ and east .of the DOE test—observation well
(14/45-1F1), Because the tranSition to water—table conditions and larger
storage coefficients is a function of the positioning of this upper boundary
surface; the ability of ‘the. model to simulate future water levels might
depend. greatly on the accuracy with which this feature is defined. To help
define ‘this boundary, well drillers chould “be.  encouraged. to report 'all
water-level changes’ that occur during the. drilling of wells. ‘the depth at
which each change occurs, and the ‘final water 1evel - - R

Eo contribute Significantly toward a better understanding ‘of the  basin's

.geohydrology and to. - ~establish additional control for model ‘simulation, the

. barrier zone--the area ‘between the basin boundary-on the -west and Union Flat-
Creek~--should receive ‘intensive consideration during all-future geologic and -
hydrologic investigations. :This.-zone is the least understood part of the
modeled area, and more subsurface exploration in the area is required to make’
an appropriate assessment of its future effect on the basin's ground-water

supp]_y_ - B oo T o Do - o



106 BASALT AQUIFER SYSTEM IN THE PULLMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

Deepening and  testing of the DOE test-observation well (Brown, 1976)
should be continued to help provide a better’ explanation of the basin's
hydrology and to establish additional control for further stratigraphic
correlation in the area. 1If extended to the crystalline basement rocks, the
well could pr0v1de information- that would either substantiate or ‘disprove
estimates of the depths of ' the aquifer system as suggested by geophysical
profiles. 'Also,  if’ fitted ‘with multiple pilezometer ' tukes tapping the
principal aquifers, the - well would allow cbservations of ‘water-level
fluctuations in éach aquifer, thereby providing valuable insight into
hydraulic relationships between aquifers at various depths in the area.

An alternative to the importation of water into the basin miglit be to
make more eff1c1ent use of the surface-water supply; the possibilities: -would
seem to warrant serious consideration. A careful study should be'made of the
feaSibility of using some of the surface water that presently discharges from
the bagin (at rates averaging about 53, , 000 acre~-ft/yr) to artificially
recharge the aquifers. A minimum discharge of about 1.5 £t /s (about 675
gal/min) in Paradise Creek, between Moscow and Pullman, - iy’ presently
sustained by sewage effluent from the Moscow treatment plant. The guality of
the treated effluent is sufficlent to allow its use for irrigating the local
parks and golf course, | according to the late Orrin ‘Crocks (oral commun.
1974), former head of the plant. : :

Both the upper aquifer zone and the primary’ aquifer system are being
purped at the” present time (1975) in the Moscow area, and both are proven
sources of water: supply.' The productivity of the upper aquifers in the
Moscow subbasin is substantially superior to that in the Pullman subbasin.
1f the problem of the local occurrence of high iron concentrations and high
hardness in the upper aquifer zone can be resolved or adequately reduced by
treatment, Moscow 8 dependence upon water from this zone would probably
increase in the future, perhaps to the extent that water-level declines in
this zone will again become a serious con51deration.

To allow - a - more accurate - simulation of water levels in .the 'primary
aquifer system and to provide the means by which -the effects of future.
development of the total -ground-water system-—including the upper aqulfer“
gzone--can . be evaluated development - of a two—layer  digital model:
suggested for the Moscow subbasin. For -each- aquifer unit, such a_model
would simulate water levels and provide water-budget analyses. Although
the present model can provide information: upon: which to base. most
water-management decisions on future ground-water development in the deeper.
aquifers (assuming a limited change of conditions in the -upper aquifers), ..
only a -two-layer model would have  the capability. to aid in water-use

planning and decisions on development of, and art1f1c1a1 recharge to, the -
upper aquifer zone. . S . - - L ae :

Future 1nvest1gations of the ‘occurrence, availability, and chemical
quality of ground water in the area should unot be limited to only one side
of the State line, as were many previous studies. To restrict hydrologic
analyses to either Washington or Idsho because of political boundaries

could only hinder an adequate understanding of the total ground-water
system.



- . i - .. SELECTED REFERENCES - - . . . .= -107

_ ’ SELECTED REFERENCES

Barker, R. A., and Mac Nish, R. D., 1976, Digital model of the gravel

~agquifer, Walla Walla River basin, Wash;ngton and Oregon- Washington
T Dept Ecology Water~Supply Bull 45, 49 p. : ‘ : .
Blngham, J. W., and’ Walters, K. L., 1965, Stratigraphy of ‘the . upper part of
the Yakima Basalt in Whitman and eastern Franklln Counties, Washington-
U S Geol Survey Prof Paper 525-c, p. C87-C90 :

Bingham, J. W., and Grolier, M. J., 1966, The Yaklma Basalt and Ellensburg
Formatlon of south—central Washlngton- U s. Geol Survey Bull. 1224 G, 15
p. - - . P L N

Bloomsburg, G. L., 1958, A water balance study of two small watersheds. Idaho
Univ. (Moscow),’ Dept. Agr Eng., ‘unpub. ‘M. S. thesis, 66 p._ St

Boulton, N. S., 1954, Unsteady radial flow to a pumped well allowing for
delayed -yield ‘from storage: . de ' 1'Association Internationale

" d'Hydrologile, .Assemblee generale de- Rome, pub. 37;-p. 472-477,

Bredehoeft, J. D., and Hanshaw, B. B., 1968, On the maintenance of anomalous
) fluld pressures, Part I. 'Thick sedlmentary sequences. Geol Soc. America
. Bull,, v.:79, p.  1095-1104, . ‘ S . -
Bredehoeft, J. D., and Pinder, G. F., 1970, Digital analysis of areal flow in
multiaquifer ground—water systems. ~ A. quasi- three-dimensional model :
‘Water Resources Research, v.- 6, no. 3, p. 883-888, R .

Brown, J. €., 1976, Well construction and stratigraphic- information: Pullman
test and observatlon "weéll,  Pullman, Washington: Washlngton State .Univ.
Coll. of" Eng. Research-Div.- Resources Rept., 76/15-6, 35.p.-

‘Bush, - J. H., Jr., Anderson, J. V., Crosby, J W. Ir1, and Siems, B, A., 1972,
mest-observation well near Mansfield,  Washington: ‘Description,
stratigraphic relationships, and preliminary results: Washington State

 Univ. (Pullman) Coll. ‘Eng. ReSearch Div. Resources Rept., 72/11-128, 45

Cavin, R. E., and Crosby, J. W. III, 1966, Supplemental seismic studies for
"* -the 'City 'of Moscow, Idaho: Washington State Univ.‘(Pullman) Coll...of: Eng.
Research Dlv., Research Rept 66/0- 19, 22 p. L. G -
Crosby, J. W, Iz, 1966, Ground—water research in: the Pullman-Moscow basin.

. 4th Annual Eng. Geology and Soils Eng. Symposium, Moscow, Idaho, 1966,

'Idahc Dept. Hst., P 215 236, % : S e

2 Lome . “ o . . - - .
- b - - N

-—---1968, Ground-water hydrology of the Pullman-Moscow ba51n, Washlngton.
Water Resources Management and Publxc Policy, Washlngton Univ. Press
(Seattle], P. 93 109. R T ) sal L T a s T



108 BASALT AQUIFER SYSTEM IN THE PULIMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

Crosby, J. W. III, and Anderson, J. V., 1971. Some applications of
geophysical well 1ogging to basalt hydrogeology: Ground Water, v. 9, no.
S, 9 p.

Crosby, J. W. III, and Cavin, R. E.,‘ 1960, . Geclogic investigations of the
Moscow ground-water basin employing geophysical studies: Washington
State Univ. (Pullman), Institute of Technology Bull. 250, 23 p.

Crosby, J. W. 1III, and Chatters, R. E., 1965, Water dating techniques as
applied to the Pullman-Moscow ground-water basin: Washington State Univ.
(Pullman), Coll. of Eng., Bull, 296, 21 p.

Crosthwaite, E. G., 1975, Basic ground-wéter data for the Moscow basin,
Idaho: U.S5. Geol. Survey open-file report, 96 p.

Fenneman, N, W. 1931, Physiography of western United States: New York,
McGraw-Hill Book Co., 534 p.

Ferris, J. G., Knowles, D. B., Brown, R. H., and Stallman, R. W., 1962,
Theory of aquifer tests: U.S. Geol. Survey Water-Supply Paper 1536-E,
174 p.

Foxworthy, B. L., and Washburn, R, L., 1963, Ground water. in the Fullman
area, Whitman County, Washington: U.S. Geol. Survey Water-Supply Paper
1655, 71 p. \ '

Griggs, A. B., 1976, The Columbia River Basalt Gfoup in .the Spokane
quadrangle, Washington and Idaho: U.S. Geol. Survey Bull. 1413, 39 p.

Jones, R. W., and Ross, S. H., 1969, ﬁoscow basin ground water problem: How
long will the water last?: Boise, Idaho, ~Proceedings of the Seventh
Annual Engineering Geology and Soils Engineering Symposium, p. 62-83.

—=-=1972, Moscow basin ground’ watér studies: Tdaho Bur. Mines and Geology
pamph. 153, 95 p. : .

Klages, K. H. W., 1942; Climate of the Palouse area of Idaho as indicated by
fifty years of climatological data on the University farm: Idaho Univ.
(Moscow) Bull, 245, 19 p.

la Sala,. - A. M., Jr., and Doty, G. C., 1971, Preliminary evaluation of
hydrologic factors related to radicactive water storage in basalt in
rocks at the Eanford Reservation, Washingteon: U.S. Geol. Survey
open-file report, 68 p. :

Ledgerwood, R. K., Brown, D. J., waters, A. C., and Meyers, C. W., 1973,
Identification of Yakima Basalt flcws in the Pasco basin: Atlantic
rRichfield Hanford Co. Report. : '

Lin, Chang-Lu, 1967, Factors affecting ground-water recharge in the Moscow
basin, Latah County, Idaho: Washington State Univ. (Pullman), M.S.
thesis in geology, 86 p.



SELECTED REFERENCES ' 109

Lohman, S. W., 1972 Ground-water hydraulics. U.S. Geol. Survey Prof. Paper
708, 70 p. B ‘ :

Luzier, J. E., and Burt, R. J., 1974, Hydrology Sf basalt _aquifé;é and
depletion of ground water in east-central Washington: Washington Dept.
Ecology Water—Supply Bull. 33, 53 p. '

Luzier, J. E., and Skrivan, J. A., 1973 Digital- Bimulatlon and pronection of
' water-level declines in basalt aquife;s of the Odessa-Lind area,
east-pentral Vashington: U.S. Geol. Survey open~-file report, 56 p.

Mac Nish, R. D., and Barker, R. A., 1976, Digital simulation of a basalt
aquifer system, Walla Walla River basin, Washington . and Oregon:
Washington Dept Ecology Water-Supply Bull 44, 51 p._

Newcomb,_R. C., 1959, some preliminary"notes on the ground water in the
Columbia River Basalt: Northwest Seci, v. 33, p. 1-18.

-4F-—1961, Storage of ground water behind subsurface dams in the Columbia
River Basalt in Washington, Oregon, and Idaho: U.S. Geol. Survey Prof.
.Paper 383-aA, 15 p.

~—---=-1965, Geology and gtound-water'resources of the Walla Walla River basin,
Washington~Oregon: Washington Div. Water Resources Water Supply Bull.
21, 151 p. ' o o

-7--1969, Effect of tectonic structure on the occurrence of ground water in
the basalt of the Columbia River Group of The Dalles area, Oregon and
Washington: U.S. Geol. Survey Prof. Paper 383-C, 33 p. :

Pacxfic Northwest River Basins Commigsion, 1969, Water resources, Appendix v,
v. 1l, of Columbia-North Pacific Region comprehensive framework study:
Vancouver, Wash., 543 P

Packer, P. E., 1955 Pertinent 1nformat10n on ground-water supply in the
Moscow-Pullman area: unpub. report to city officials at Moscow, Idaho,-
10 p. .

Pardéé, J. T.. and Bryan, Kirk, 1926, Geology of the Latah Formation in
relation to the lavas of the Columbia Plateau near Spokane, Washington:
U.S. Geol Survey Prof ~ Paper 140-A, p. Al?nABl

Peaceman, D. w., and Rachford, H. H., Jr., 1955, The numerical solution of
parabeclic and elliptical difference equations: Jour. Soc. Industrial
Applied Mathematics, v. 3, no. ll, p. 28-31.



110  BASALT AQUIFER SYSTEM IN THE PULLMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

Pinder, G. .F.,..1970, - A digital model for aquifer evaluation: U.S. Geol
Survey Techniques Water-Resources Inv., book 7, ch. CIl, 18 P.

-----1971, An iterative digltal model for aquifer evaluatlon-_ U.S. Geol. Sur-
. vey open-file rept., 65 Ps o : T

Pinder, G. F., and Bredehoeft, J. D., 1968, Application of the digital
computer for aquifer evaluation- Water Resources Research, v. 4, no. 5,
p. 1069-1093. . o '

Price, c. E.,'"1960, Artificial recharge of 'a well tapping basalt aquifers,
Walla Walla area, Washington: Washington Div, Water Resources Water
‘Supply Bull. 7, 50 p. S ' " '

-----1961, Artificial recharge through a weiiiuappinﬁ basalt aquifers, Walla
Wallararea, Washington: U.S. Geol. Survey Water-Supply Paper 1594-a, 33
0. g - ) , ‘

Prickett, T. A., and Ionnquist, C. G., 1971, Selected digital computer
- techniques for groundwater resource evaluation. Urbana 1Illinois State
‘Water Survey, Bull. 55, 62 p. ‘ ‘ _ T

" Ralston, D. R., 1972, Guide for locaticn of water wells in latah ‘County,
.Idaho: -Idaho Bur. Mines and Geol. Inf. Circ. 23, 14 p.

Remson, Trwin, Hornberger: G. M., and Moiz; F. J., 1971, Numerical methods in
subsurface hydrology: New York, Wiley-Interscience, 38%9 p.

Ross;ts. H;QT'IBGS; Contributlons to the geohydrology of Moscow basin; Latah
County, Idaho: Idaho Bur. Mlnes and Geol ' open-file report, 119 p.‘

Russell . I. C., 1897, A. reconnaissance in southeastern Washington o u.s.
Geol Survey Water—Supply Paper 4, 96 P. -
Siems, B. A., Bush, J. H., and Crosby, J. W. ITI, 1974, Ti0_ and geophysical
-logging criteria for Yakima Basalt correlation, Columbia Plateau: Geol.

. Soc. America Pull., v. 85, p. 1061 1068 .

Sckol, Daniel, 1966, Interpretation of short term water level fluctuations in
the Moscow basin, Latah County, Idaho: Idaho Bur. Mines and Geol. Pamph.
137, 27.p.. | S . .

Stevens, . P. R., 1960, Ground-water problems in the vicinity of Mo5cow; Latah
County, Idaho: - U.s. Geol. Survey . Vater-Supply Paper 146C-H, Pp.
H325-H357. ' ' ’ ’ -

Stevens, Thompson, and Runyan, Ino;, 1270, Water supply study, Pullman-Moscow
Wwater Resources Committee: Boise, Idaho, Report and brochure, 100 p.

Swanson, D. A., Wright, T. L., and Helz, R. T., 1875, Linear vent systems and
estimated rates of magma production and eruption for the Yakima Basalt on
the Columbia Plateau: Am. Jour. Sci., v. 275, p. 877-905.



'SELECTED REFERENCES - **“'°, B S

Tanaka, H:'H., -‘nari“sen,-'ie. J.; and Skrivan, J. A.,:1974, Digital-model. .study.
-of “ground-water = hydrology, - Columbia‘ Basin. Irrigation-: Projéct - area,
Washington: Washington Dept. EoOlogy Water-Supply~Bull. 40,60 p.:.:-
Theis, Q.0 V.,  Brown, ‘R, H., and: ‘Meyer, ‘- R.. E., 1963, Estimating the
transmissibility of -aquifers. from the specific capacity’ of .wells,  in
Methods of determining permeability, transmisSLbility,,and drawdown. U.S.
Geol. Survey Water»Supply Paper 1536—1, p I331 1340.
o - . L )
'Treasher, R. C., 1925, Origin of ‘the loess of the Palouse region, Washington.
Soience, new ser., v, - 61, p. 469
Trescott P. C., 1973, Iterative dlgital model for aquifer evaluation- ‘U.S,_
Geol._Survey open—file report, 63 p. :

" .

--—--1975 Documentation of finite—difference model for simulation of
three-dimensional ground-water flow. U.S. . Geel. Survey:-open-file report
75 438 59 p._ . : 7 ' ' )

-

Trescott, P. C., Pinder, G. F.,= and Larson, S. P., 1976, Finite. difference
nodel for-aguifer simulation in two dimensions with results of numerical
"exp‘er:fmeht‘s. U.S: Ceol. Survey Techniques of Water Resources, Inv. book:
7, ch Cl,rll6 p. T e T S PR S .
Tullis, E. L., 1944 Contributions to . the geology of Latah County, Idaho:
' Geol. Soc America Bull., v. 55, p. 131-164.

-_U S. Department ‘of Agriculture, 1967 Irrigation water requirements:: - U.S..
) Soil Conserv Serv1ce Tech ’ Release 21 88 p. e

¢ 2

U. S Geological Survey, 1956, Compilation of records of surface waters of the
, United States through September 1950, Part 13: U.5. Geol. Survey
Water-Supply Paper 1317, 566 p. T LR LA T

———--1962—65 ‘Surface water records of Washington, 1961-64 Tacoma, Wash.,
) annual reports published for years 1ndioated

----- 1963, Compllation of records of surface waters of the United States,

October 1950 to September 1960, Part 13 U.S. Geol. Survey Water—Supply
"": Paper 1737, 232 p.' ?’ S S e D e
-—---1966 75 ' Water resources’ data' for Washington,'fpart 1, Surface water
reoords, 1965-74: Tacoma, Wash., annual reports published -for years
indicated.

fu.s.] National Weather Service, 1970, Climatologioal summary, Moscow, Idaho:
no. 20 10, 1 p.

—--=1970~75, Annual summaries, 1270 through 1974, v. 73, no. .13 through v.
72, no. 13, U.S. Govt. Printing Office, Washington,_D c.



112 BASALT AQUIFER SYSTEM IN THE PULLMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

U.S. Weather Bureau, 1954-69, Climatological data, Washington, annual
summaries, 1953 through 1969, v. 57, no. 13 through v. 72, no. 13, U.S.
Covt. Printing Office, Washington, D.C.

—~---1956, Climatography of the United Sfates no. 11-39, Climatic summary of
the United States--supplement for 1931 through 1952: U.S. Govt. Printing
office, Washington, D.C., 79 p.

von Rosenberg, D. U., 1969, Methods for the numerical solution of partial
differential equations: Elsevier, New York, 128 p.

Waters, A. C., 1961, Stratigraphic and lithologic variatidns in the Columbia
River Basalt: Am. Jour. Sci., v. 259, no. 8, p. 583-6l1.

Walters, K. L., and Glancy, P. A., 1969, Reconnalssance of geology and of
ground-water occurrence and development in whitman County, Washington:
Washington Dept. Water Resources Water Supply Bull. 26, 169 p..

Walton, W. C., 1970, Groundwater rescurce evaluation: New York, McGraw-Hill
Book Co., 664 p.

Walton, W. C., Hills, D. L., and Grundeen, G. M., 1967, Recharge from
increased streambed infiltration under varying ground-water level and
stream-stage conditions: Minnesota Univ. ' (Minneapolis) Water Resources

Research Center Bull. &, 42 p.

Warnick, €. C., 1971, Summary comments on Moscow~Pullman water supply with
special reference to the advisability of relying on ground water from the
presently identified ground water aquifers of the Moscow bacsin: Paper
presented orally to Moscow City Council, March 1, 1971, 9 p.

Washington State University, 1965, Washington climate, for these counties,
Adams, Lincoln, Spokane, Whitman: Washington State Univ. {Pullman), Agr.
Extension Service, 64 p.

Williams, G. R., and others, 1940, Natural water loss in selected drainage
bagins: U.S. Geol. Survey Water-Supply Paper 846, 52 p.

Wright, T. L., Grolier, M. J., and Swanson, D. A., 1973, Chemical variation
related to the stratigraphy of the Columbia River Basalt: Geol. Soc.
America Bull., v. 84, p. 371-386.




TABLE 4

RECORDS O0OF WETLTLS

e 113



114 BASALT AQUIFER SYSTEM IN THE PULIMAN-MOSCOW BASIN, WASHINGTON AND IDAHO

TABLE 4,--Records of wells tapping the primary aquifer system in and immediately west of
Pullman-Moscow basin

EXPLANATION: *, well west of basin boundary; a, well being pumped when measurement made;
b, well recently pumped prior to measurement; R, reported water level,
not measured by Geological Survey personnel

N.A, - Not available

UsSGSs Lat and Long Model zell ’ Altitude
Well number location . location ivsT.=2r or Tenant of land wWell
oo surface depth
(ft) (fe)

T.14°'%,R.44 E. .
1EL 46°43'43"N117°13'17" (1) (21,13) R. Harlow 255% 375
* 5SF1 46°43'47"N117 °L7'51" (1) (21,6} F. Brands 2360 242
* 6Bl " 45°44'02"N117°18B'58" (1} ° (20,4} F. Lyle 2180 60
*  9JF2 465°42'36"N117°16'00" (1) (24,9} J. Olson 2485 286
* -14P} 46°41'33"NLL7°14'27" (1) (26,12) WSU Dairy 2475 600
* 16P1 46 °41 '36"NL117°16'59" (1) (26,8) K. Hinderer 2318 1490
* 1601 46°41'31"N117°16'29" (1) (26.8) L. Slusser 2325 65
* 2101 46°40'56"N117°06'13" (1) (27,9) V. Henson 2335 58
*  2BAl 46“40'31"N117°16'23" (1} (28,8} V. Rumley 2385 111
T.14 N, R.45 E.
1Fl 46°43'51"N117°05°'17" (1) (21,28) Wash. State Dept. of 2478 982
: Ecology Test-obs well
3H3 46°43'39"N117°07'03" (1) {21,23) Washington Water Powar 2460 259
3K1 - 46°43'33"N117°07'26" (1) {22,23) Rolling Hills Development 2455 230
Co.

4Dl 46 °44'04"N117 °03'23" (1) (20,20} W5U Well 6 2536 702
4H1 46°43'37"N117°08'23" (1) (21,21} W3J Experimental Farm 2440 265
4N1 46°43'20"N117°09'24" (1) (22,20) WSU 2390 100
SDL 46943'55"N117 °10"47" (1} (21,17} City of Pullman Well 1 2342 - 155
SD2 46°43'55"N117°10"47" (2) {21,17) Standard Lumber . 2340 162
5D3 46°43'55"N117°10"'47" (3) {21.,17) City of Pullman Well 3 T 2342 167
5F1 46°43'48"N117°10'12" (1) {21.18) WSU Observation wall 2364 145
5F2 46 °43'483"N117°10'12" (2) .(21,18) W3U Well 1 2364 237
5F3 46°43'48"J117°10'12" ({3) {21,18) W3U Well 3 2364 223
5F4 46°43"'48"N1LL7 °10'Lk2" (4) (21,18} W5J Wall 4 2364 275

SFS 46°43'47"N117°10'11" (1} (21,18) W3U Well 2 . ' 2365 2132
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Date of

Altitude

Altitude Altitude Altitude Altitude
of bottom first of first of of of .Remarké
of well water=- available Mar 1973 Mar 1974 June 1975
(£t) " level ‘water - measured - measured -measured ... - - . - . .
. obser- level water- water water .
o ‘vation {before: level level level .
(before 1973} (£t) (fr) (£t)
1973) (£t)
2190' -- -- .- -- 2292.1 7 Well has édntinﬁohs water-level
.. recorder. .
2118 - -- - -- -— . 8/22/74 water- level altltude
- . . = 2168 ..
2120 ? 2165(R) . -= -- L - : 8/22/74 water level altltude
= 2160 (R)
2199 e -— 2292.8 2291.8(b} 2290.9 .- - .
1975 2/25/59' 2339(R} - 2302.5° -..2298. .(B) Alrllne length = 320 feet.
2178 -—— ~- - v == Coem 8/¥/74 water-level altltude
- TN - 2300 (R)--
2260 T 1949 2300{R) - - - 8/22/74 water-level alt1tude
N T o - = 2300-(R)_ ..
2277 N -—- -- -- e 8/23/74 water -level altltude
o . : s e ..=.2314.8.
- 2274 ! -- - -— 2342 .4 2341.2(b) ’ K
. - My
1496 -- -- -- -- 2279, 1 “
2201 ‘8/A- /57 2308(R) 2280, 22759 .2274.3 ;Flrst avallable rEported water-
: level (8- -57} not considered
. - reliable .
2225 1940 2347(R). vo—= ©2289.6- . '2287.7(b): ; )
: : i
1834 -- -- - -- 2286.8 Well drilled in Spring 1975
2175 - 6/11/36 2348.54 2286 2235 ..2284.2 3/-/69 water-level altitude
v ) .. o= 2292
2290 12/15/32 2353.2 2298 2295 [ - ? Well went dry 1n 1974 L
2187 1929 2354(R) 2291.34 228B.9 2286.73(b) Well flowed when drilled in 1913
2178 4/-- /33 2346.95 - == . - .- Well, sealed at 17 feet
2175 34— /46 2333(R) 2289.91 2287.5 2285.7 -
2219 3/15/35 2341.98 2289 .6 2286.7 2285.6 B .
2127 ‘4/-- /33 2343(R) - - ¢ -- - 10/14/53 water-level-altltude ST
' = 2322.76
2141 10/~- /46 2333(R} -- - - 7/15/57 water-level altitude
= 2319.31
2089 4/8/63 2313.12 - 2287 - - | .. - .- .-
2152 12/4/37 2340.25 -- -- -- " 3/18/69 watér-level altitude

= 2303
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TABLE 4.--Records of wells tapping the primary aquifer system in and immediately west of
Pullman-Moscow basin--Continued .

USGS Lat and Long Model cell Altitude
Well number location location OCwner or tenant of land Well
surface depth
(£t) (ft)
T.14 N, R.45 F, cont.
7F2 46 °42'48"N117 °11'3&" (1) (23,186) Evergreen Builders No. 1 2510 273.
TF4 46 °42'55"N117 °11'34" (1) (23,16) Evergreen Builders No. 2 2560 438
8A2 46 °43'05"N117°092'45" (1) (23,19) M. Wise 2385 103
8A3 46 °43'00"®117 °09'43" (1) {23.19) M. Gormsen 2445 200
8EL 46°42'48“Nll7°10‘52" (L) (23,17) City of Pullman Well 5 2442 712
8G2 - 46°42'51"N117°09'55" (1) (23,19) D. Brown 2400 200
8J2 46°42'39"N117°09'54" (1) (24,19} J. Askins 2445 164
8Ll 46°42'36"N117 °10'16" (1) (24,18) City of Pullman 25832 365
9E2 46 °42'49"N117°09'36" (1) (23,19) H. Neil 2420 2490
10M1 46°42'39"N117°07'59" (1) (24,22} G. Bloomfield 2530 250
15B2 46°42'16"N117°07'24" (1) (24,23) G. Leonard 2605 330
16El 46°42'03"N117°09'29" (1) (25,19) W. Stratton 2395 110
lgE2 46 °42'01"N117 °09'34" (1} - (25,19) W. Stratton 2455 230
16Gl 46°41'50"N117°08'52" (1) (25,20) WSU Agronomy Farm 2480 400
1Rl 46 °41'30"N117°08'24" (1) (26,21) G. Wise 2418 195
17Al 46 °42'15"N117 °09'44" (1) {24,19) H. Jacobson 2420 175
21Dl 46°41'19"N117°09'32% (1) (27,19) "W. Boyd 2480 265
21H2 46°41'02"N117°08'37" (1) {27,21) A. Barnes 2440 N.A.
22P2 46°40'42"N117°03'00" (1) {28,22) A. Fairbanks 2464 250
214N, R.46 E.
N3 46°42%24"N117°04'17" (1} {24,28) J. Braden 2575 353
T,15 N. R.44 E, -
15G2 . 46°47'10"N117 ?15'06" (1) “{13,11) City of Albion /- 2390 290
* 17R1 46°46'54%N117 °17'26" (1) (14,7) J. Reeves 2340 180
* 20D1 46 °46'43"N117°18'06" (1) (14,6) - L. Cay 2342 2890
* 21D1 46 °946"'40"N117°17'07" (1) (14,7) 0. McCroskey 2355 . 177
' 26L1 46°45'18“N;}7°14'L6" (1) (17,12) M. Harlow . 2390 160
35El 46°44'44"N117°14'25" (1} {19,12) V. Michaelson 2420 300
T.15 N, R.45 E. .
8mM2 46947 '55"N117°10'30" (1} (11,18) R. Howell 2505 290
9cl (1) (10,20) P. Vernier ' 2522 260

46 °4B'26"N117 °09°' 04"
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Altitude

" Altitude

Altitude

Altitude

2370(R)

Date bf Altitude Y
.of bottom .. first _ of first of of . of . . - Remarks
of well water-  available Mar 1973  Mar 1974 June 1975 ' ’
“{fe) “lével water measured measured measured
obser-.  level water. water water
vation (before level .level level -
(before 1973) L (£R) (ft) (ft)
1973) (£€) ’
2236.2  10/18/54 2360.6(R) - - -- Original water level (on 10/18/54)
h ‘ ) thought to be influenced by
) upper’ zone aqulfers
;2122 o -- - -- - 2291:.6
© 2280 . 5/19/54  '2338.47 2303.7 - 23001
2245 10/15/54 2325.60 2299.6 ° 228B.7 2287 .
1730 5/ /69 2294(R) 2283.69 2281.6 2279.57(b)
2200 10/04/54 2327.04 2292.84 2290 2287.33
2281 e - 2314.5 © 2312.4 2310.8 C
2217 T 193) .2346(R) -t - Cae "0ld" ‘well uséd to 1rrlgate
S ' . o cemetary grounds
2180 C-—- - -- 2295.3 2293.7
2280 6/14/72 2302{R) - _—— e .
©-2275 - -- -2300.3 . 2297.3 7 2296.20 T -
2285 . 8/21/54 . 2329.31 -- - -~ Well was dry on 3/31/73
2225 LI Lo 2284:4  .2282.7(k) 2281.2(Db) o '
_2080" 12/28/56 - 2308(R) 2289 2284.5 - 2284
T 2223 . - - -- . 2286.2 2285.5
..2245 1950 2330(R). 2296.4  2294.7 2293.3(b) .
2215 BT Cea - 2299.5 . . =« . -
. N.A. - - 2289.8 2287.4(b) -
2214 - - 2293.5 - 2291.4 2289.5 .
2222 -- - 2290:3 ° 2287.7 2285.3
2100 3/19/69 2244 <= 2229.8(a) 2231.9(a) This 'well may reflect hydraulic
) ‘ “ c¢haracteristics of granlte
) . ) . bedrock
2160. - ' - -- - 2212.9 - B :
2062 -— -- - aa 2212.9 ' : T
2178 7/- /54 2255(R) 2223.03 -2222.1 12222.97 : :
2230 - 7/08/55 2316.45 2287.2 . 2284.6 2283.6
2120 " 6/8/54- -2331.13 2297 2294.7 . 2293.1
. .22158 After 1933 - 2445(R) . . 2286.4 - 2287.20 - 2283.5° Original water level-— if reported
- . ST ’ - i correctly--i% thought to have
been 1nfluenced by upper zone
: CoL ' . R L B aquifers
2262 1938 or . 2360~ © 2285.6 - .0 2282.1- Original. water level—-lf, reported
1939 ’ ’ correctly --is thought to have

been influenced by upper zone
aguifers
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TABLE 4. --Records of wells tapping the primary aquxfer system in and immediately west of
Pullman-Moscow basin-~Continued : .

USGS Lat and Long . .  Model cell ) Altitude
Well number location ~location Owner or tenant of land wWell
' : ' surface  depth
(£¢t) (fr)

T.15 N, R. 45 E. cont

10E1 46 °48' 05"N117 °08'00" (1) {11,22) E. Steever . 2554 263
1401 46 °46'50"N117°06'11" (1) . (14,25) J. McConaghy _ 2518 285
21H1 46°46'19"N117°08'20" (1), (15,21} .cC. Boyd ' 2520 " 326
21H2 46 °46'20"N117 °08'18" (1) {15,21}) C. Boyd 2485 324
26KL . 46°45'22"N117°06'14" (1) {17,25} 0. Boyd 2608 302
296Gl 46 °45'32"N117 °09'58" (1) {17,19) M-Gregor Co. -2430 220
29G2 46°45'33"N117 °10' 04" (1) (17,19) . Davenport Chemical " 2458 247
29P1 46 °45'05"N117 °10'14" (1) {18,18) Pierce Ranch . 2445 140
30G4 46°45'37"N117 °11'10" (1) {17,17) _ USPA Research Station 2520 371
3iMl 46°44'24"N117 °11'55" (1)1."(20L16lv wsy o T 2350 172
32c2 46 °44'52"N117°16'19" (1) (18,18) ~ City of Pullman Well 6 2430 518
3281 46 44" 09"N117 °L0" 32" (1) . (2.0. 13) A Cityl Of Pullman Well 2 . 2350 . 2_31
32N2 46 °44'09"N117°10'32" (2) (20,18) City of Pullman Well 4 2350 954
32M3 46°44'09"N117°10'32" (3) (20,18) . cCity.of Pullman 2350 238
3371 46 °44'31"N117°08°'18" (1) (19,21) WSy 2615 438
- 34L2 _46°44'24"N117°07'37" (1) . (20,22} . WSU Well 5 o 2515 396
TAEN., R4SE. - ,
3001 46°50'16"N117°11'08" (1) . (6,17) J. Kinzer 2370 120

3002 46°50'24"N117°11'22" (1)~ ~ (6.17) J. Kinzer 2342 99

[

Idaho wells

T.39N., R.5W. . L . : o
Thda2 46 °44'28"N117 ©00'43" (1) (19,33} City of Moscow Well B 2617 1458

C Tbei '.: 46“44'14“N1;7°01'14" (1) - (20,33) U, of idaho Well 3 - 2558 . 1336

[

8bdbl 46 °44'27"N116°59'40" (1) (19,35} City of Moscow Well 6 2600 1308
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Altitude Date of  Altitude Altitude Altitude Altitude .
of bottem . first of first of of of :
of well water= available Mar 1973 Mar 1974 June. 1975 Remarks
(ft) level water measured measured measured
. obser- level water water water
vation {before level “level level
(before 1973) (£t} (£t) (£t) .
1973) {£L) .
2291 10/6/53 2324.3 -- - -- Well has been destroyed
© 2233 1949 2372(R) 2287.2-- 2285.0 2284.7 Original water level-- if reported
’ - correctly -~ is thought tp have
been influenced by upper zone
aquifers
2194 8/03/55  2326.7 2292.7  2290.5 2289.9
216l -— v -- -- - 2285.2 - .
2306 10/27/53  2326.95 -- -- -- Well reported dry on 3/15/73
2210 9/--/63"  2313(R) 2290 -= - Airline length estimated 200
. Lt . . . e faet long
2211 9/ ~2/63 2303 (R} - - 2287 .8
2305 4/29/55 2324.62; - 2288.7 2287.1
2149 l93g 2330(R) 2281.2 - 2278.7 2278.2(b) 10/18/54 water-~level altitude
) ' . C = 2315.60 '
.2178 5/--/57 2327(R) 2296 2295 2291 Airline length reported to be
o , B : 84 feet ) '
lol2 6/12/68 2298(R) 2294.38 2291.7 2290.2 3/18/69 water~-lavel raltitude,
; o : = 2303.50
2119 3/12/46 2341 (R) 2293 2292 2288 Airline 1ength rﬂported to be
: . B o 62 feet’
1396 6/5/56 $2328.52° 2293.55 2291.2(b) 2289.16
2112 —-_— - - - 2289.1 " Well is concentric to and outside
. . - 15N/ 45E-32N2
2177 1933 2344 (R) - - - Well is apparantly buried
2119, 1/29/64 = 2318.42 == 2295.9 2291 '
. 2250 - - 2303.06 2301.42 2300.0
2243 11/~ /55 - 2320(R) - - - .
1159 12/1i/64 929’(R) 2277.5 7.2280°(R} 2271(b) 8/22/74 water-level altitude at
: . - S - : ) 2259.35 (unpumped for 15 min)
1222 12/14/63 2305 90 - - 2282 8/21/74 water=-level altitude =
' : : ; 2280 (airline me?Surement -
. unpumped for 15 min)
1292 4/27/60 - - 2281.2 8/22/74 water-=level altitude at

2313(R) .-

2259.6 {unpumpad for 30 min)
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