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MOSCOW BASIN GROUND WATER STUDIES
by
Robert W. Jones and Sylvia H., Ross

~ ABSTRACT

Moscow basin is in Latah County, Idaho, on the eastern edge of the Columbia
Plateau physiographic province., The area of the basin is about 58 square miles,
The principal water users, City of Moscow and University of Idaho, depend ex~-
clusively on ground water obtained from wells that reach three zones of artesian
aquifers in the basalt flows and sedimentary interbeds of the Columbia River
Group of Miocene age. The three artesian zones are designated the upper, middle,
and lower artesian zones, The Columbia River Group is overlain by surficial sedi-
ments in which water generally occurs under water-table conditions. The Columbia
River Group is underlain by a basement of crystalline rocks of pre~Tertiary age that
also crops out beyond the limiits of the basalt and forms the mountains that rim
the basin on three sides. Where exposed at the surface, the crystalline basement
contains water under water-table conditions. Neither the surficial sediments nor
the crystalline basement will vield large amounts of water; the rocks of the Colum-
bia River Group are the only source of water for public supplies. All ground water
originates as precipitation that falls within the borders of Moscow basin; natural
discharge of ground water is by underflow to the west.

Prior to 1980, the entire public supply was obtained from wells reaching the
upper artesian zone, The quality of water was unsatisfactory because of exces-
sive amounts of iron and moderate hardness., Between 1960 and 1965, wells were
drilled into the middle and lower artesian zones, and by 1965, nearly all water
pumped for public supplies was obtained from the middle and lower artesian zones.
The waters from the middle and iower artesian zones contain only moderate amounts
of iron and are reiatively soft,

In 1896, water levels in welis in the upper artesian zone were at or slightly
above land surface but declined continuously thereafter and, by 1960, static levels
were nearly 120 feet below the surface in the vicinity of the City of Moscow wells.
This decline led to suggestions that ground water recharge in Moscow basin was
insufficient to balance pumpage. Following the phasing out of heavy pumpage of
the upper artesian zone in 1960-1965, water levels rose and recovered to within 65
feet of the surface in 1969,

In our studies, two lines of investigation indicate that pumpage was not in ex-
cess of recharge during the period 1896-1960, We analyzed the pumpage and water
level records of the public supply wells, using a mathematical model aquifer that
utilizes the theory of image wells and assumes that there is no recharge to the
basin., The results indicate that the decline of water levels in the upper artesian
zone was actually much less than it would have been if pumpage was greatly in
excess of recharge. We also studied the long-term records of water level fluctua-
tions in observation wells in the basin. The water table in the surficial aquifers
remained stable during the time that the water levels in the upper artesian zone
declined., We attribute the decline of the water levels in the upper artesian zone
to barrier boundary effects rather than to lack of recharge, The results of our
studies support the views of previous workers who estimate ground water recharge
to the basin by use of the eguation of hydrologic equilibrium. All such estimates
indicate that recharge is in excess of pumpage sufficient to meet the demands of
the basin through the year 2000,
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We also used our no-recharge mathematical model aquifers to estimate the
total water in ground water storage in Moscow basin and to predict the decline
in water levels that would occur by the year 2000. Although these figures are
based on an assumption that we have rejected--no recharge to the basin--they
do represent the smallest amount of water and the largest amount of drawdown
to be expected. The study indicates that the middle and lower artesian zones
would meet the anticipated 1965-2000 demand of 50.1 billion gallons and still
have as much as 239.4 billion gallons remaining in storage in the year 2000.
Water levels would be irom 50 to 80 feet lower in 2900 than they were in 1965.
This study indicates that ground water can supply the anticipated needs of Mos-
cow basin well into the 21st century regardiess of whether the water is derived
from ground water storage or from recharge.

If need for water should exceed natural recharge at some time in the future,
artificial recharge utilizing water from sources in and near Moscow basin
could furnish more than 1 biliion gallons of additional water annually. During
a normal year, spring runoff from intermittent streams in the Palouse Range
can provide about 200 million gallons over a 90 day period during February
through May. The Moscow Waste Water Treatment Piant now discharges about
300 million gallons annually: the discharge should increase to about 1 billion
gallons by the year 2000. The effluent could be further treated, then recycled
by artificial recharge. Mathematical model studies show that the existing wells
in the upper artesian zone can accept artifical recharge at rates of 1000 to 2000
gpm. for as many as i00 consecutive days without the cone of impression reach-
ing the surface. Cost of artifical recharge probably is less than the cost of
long—distance importation of water,

The waters of the surficial aquifers are relatively soft, averaging 87 ppm.
hardness as CaCOj3, and are relatively low in dissolved solids, averaging 127
ppm. As the waters move into the upper artesian zone, average hardness increa-
ses to 135 ppm. and average dissolved solids increases to 190 ppm., probably
as the result of solution of magnesium from magnesium-rich minerals in the ba-
salts. As the waters move through the middle artesian zone and into the lower
artesian zone, average hardness decreases to 84 ppm. but average dissolved
solids increases to 28€ ppm.; the decrease in hardness probably is the result
of base exchange of sodium for calcium.

Calcium and bicarbonate are the dominant ions in most of the ground waters
of Moscow basin, but calcium and sulfate or sodium plus calcium and bicarbon-
ate are the dominate ions in a few of the waters. Excessive amounts of iron are
moderately common in waters from the surficial aquifers and very common in
waters from the upper artesian zone., The iron originates in high-iron clay depo-
sits in the surficial aquifers on the outer margin of the recharge area of the
artesian aquifers. The high-iron waters move laterally from the clay deposits
into the upper artesian zone., Waters from the middle and lower artesian zones
contained only moderate amounts of iron when the aquifers were first placed in-
to use. Continued pumpage could induce the high-iron waters to move into the
middle and lower artesian zones, Silica also is somewhat high for ground waters
and the origin of the silica probably is related to the origin of the iron., Some
of the waters in the surficial aquifers contain relatively high amounts of nitrates
and chlorides that indicate possible contamination from septic tanks, fertilizers,
and barn-vard wastes,
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INTRODUCTION

During the period 1895-1360, the City of Moscow and the University of
Idaho derived water from wells tapping relatively shallow artesian aquifers
("upper artesian zone"} in the Columbia River Group, Water levels declined
continuously through 1360 when wells tapping deeper artesian aquifers ("mid-
dle and lower artesian zones™) began to be placed into service. By 1965,
pumping had virtually ceased from the upper artesian zone and water levels
recovered from 1960 through the end of observations in 1969. The waters from
the upper artesian zone are moderately hard and contain excessive amounts
of iron whereas the waters of the middle and lower artesian zones are softer

and contain only moderate amounts of iron,

Purpose and Scope of Investigation

The long-continued decline of water levels in the upper artesian zone
led to speculation that pumping is in excess of the natural recharge of ground
water to Moscow basin. If recharge were inadquate through the 1960's, then
recharge certainly would not meet the greater demands to be expected in the
future. Therefore, the principal okjective of this study is to examine the data
on the 1896-1960 pumping of the upper artesian zone to determine if the data
indicate that pumpage actually was in excess of recharge and then to predict
the drawdowns in water levels in the middle and lower artesian zones in res-
ponse to future pumpage. The secondary obiective is to determine the origin
and distribution of the iron in the waters of the upper artesian zone.

Location and Exient of the Area

Moscow basin is in west~central Latah County, in northern Idaho (Fig. 1).
The amphitheater-like basin has an area of about 58 square miles, The boundar-
ies are well defined by stream divides on the north, east, and south., The west-
ern boundary has been arbitrarily set at the Washington-Idaho state line for
purposes of this report although Moscow basin is actually part of the larger
Moscow-Pullman basin of Idaho and Washington, The poorly-defined southwest
and northwest boundaries have been drawn to inciude only those tributary streams
that join the main streams within Idaho. The area is approximately the same as
that discussed by Stevens (1960) and Sokecl (1966) .

Previous Investigations

The geology and water resources of Moscow basin were first mentioned in
a regional report by Russell (1897). Since then, approximately two dozen authors
have written about the geology and hydrology of Moscow basin and nearby areas.
The most important published reports include those by Laney and others (1923),
Tullis (1944), Hosterman and others (19690), Stevens (1960), Foxworthy and Wash -
burn (1963), Crosby and Chatters {1965), and Sokol (1966), Many of the other in-
vestigations are private reports by geologic and engineering consultants or un-
published results of research, These unpublished reports, through 1965, as well
as published reports, are listed by Ross (1965, Table 1), The most significant
unpublished report since 1965 is a Washington State University Master of Science
in Geology Thesis (Chang-Lu, 1967},

Ross (1965) published an extensive preliminary report on our investigations
to that time, Many of her conclusions and interpretations remain unchanged and are
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repeated below., Other public ations that have resulted from our studies are a
study of the possibility of artificial recharge in the basin (Jones, Ross, and
Williams, 1968} and a preliminary report on the availability of ground water in
the basin {(Jones and Ross, 1969). Our original intention of publishing all of
our basic data will not be possible., Basic data accumulated prior to 1965 were
published by Ross (1965). Records of all wells and springs are on file with the
Idaho Bureau of Mines and Geovlogy in Moscow as ars tabulations of data ac-
quired since Ross’ 1965 report (additional logs of wells, records of wells, all
available water-ieve:l measurements, all available pumping data, and all avail-
able basic data from pumping tests,

Methods of Study

About 60 days were spent in field work during the summer and fall of 1964
and several weeks of additional field work were done in 1965 and 1966. Field
work consisted of geclogic mapping; of compiling an inventory of private wells
and springs in the basin; of determining field chemical data such as electrical
conductivity, pH, and iron: of collecting water samples for laboratory chemical
analyses; of periodic measurements of water levels in observation wells; and
of pumping tests of a few of the welils. Data on construction, water levels,
and water chemistry were obtained for about 230 wells (estimated to be 80 per-
cent of all wells in the basin as of 1965). Laboratory chemical analyses were
run on waters from 38 of the wells and springs. Records of water-level fluc-
tuations were obtained by periodiz tape measurements or recording gage records
in 1l observation wells beginning in 1963 and continuing, in some wells, into
1966. Since 1966, only one observation well has been measured periodically in
Moscow basin. Three pumping tests weare attempted, but the data obtained from
the tests was not fully satisfactory.

Additional data, including records of water~level measurements, amounts of
water pumped, and chemical analyses of water, were furnished by the City of
Moscow, Physical Plant Division of the University of Idaho, and the U.S.
Geological Survey. U.S, Weather Bureau precipitation records were taken from
the literature.

The geologic and hydrologic data were integrated to determine the ground-
water flow systems of Moscow basin. Then mathematical models of the aquifers
were designed, utilizing theory of image wells, We used the models to compute
theoretical drawdown in Moscow basin aquifers with various assumed aquifer
properties, We then compared the theoretical drawdown with the actual drawdown
in the real aquifers to determine which combinations of assumed aquifer properties
produced drawdowns in model aquifers that most closely matched the drawdowns
of the real aquifers, Best-fit model aquifer data were then used to predict the
future drawdowns of the aquifers under natural conditions as well as the possible
buildup of water levels in the aquifers under artificial recharge.

Chemical quality of water data were analyzed with the aid of maps of distri-
bution of dissclved materials and with varicus graphic methods that are in general
use in geochemical studies of ground water.

Well-numbering System

The well-numbering system used in this report is that formerly used by the
U.S. Geological Survey in Idaho. The system indicates the location of wells with-
in official rectangular subdivisions of the public lands, with reference to the Boise
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Table |I. Records of selected wells and springs in Moscow basin, Idaho.

piston Use of well: D, domestic

Type of well: Dy Dug Type of pump: P,
Dr, Drilled : J, jet S, stock
Dv, Driven SUB, submersible Irr, irrigation
B, Bored T, turbine Ind, industrial
C, centrifugal PS, public supply
Remarks: A, Chemical analysis on Table 10 R, reciprocating piston 0, observation
S, suction U, unused
N, none A, abandoned
Well Owner or Type Year Con- Elev. Depth Dia. Depth Year Kind Use Quality of Water
No. tenant of structed of of of to Meas. of of Date Electrical
Well Land Well Casing Water Pump Well of Temp Iron Conductivity Remarks
Surf. (ft) (in) (ft) Collec- (°F) (ppm) (micromhos/cm
tion @25°C)
39N-5W
2bdl  Wilson Jasper Dr 19207 2655 212 6 157 P D 8/6/64 0.0 230 A
5abl Mrs. Merle Stubbs Dr 2710 80 J D 11/17/65 195 Field pH 6.95, sample from tap
5acl Malcomb | Furniss Dr 1964 2690 110 8 50 D 6/29/65 0.0 215 Field pH 7.15, sample from tap
5adl Jack Marineau Dr 1965 2680 405 8 200 D 11/17/65 9 380 A
5bbl  John Wallen Dr 19407 2700 230 8 220 1952 P D 8/4/64 57 9.2 280 A
5dal Norm Metzker Dr 1964 2640 186 8 166 1964 J D 9/7/65 250 1400 A
6dcl  John Ayers Dr 1951 2680 376 6 120 1951 SUB D - 53 3-1/2 270 A
7bal  Moscow; City 8 Dr 1965 2617 1442 20 212 1965 T PS 11/16/65 75 0.6 450 A
7ba2 Moscow; City 7 Dr 1962 2614 666 20 218 1963 N A
7bcl U. of I.; Univ. 3 Dr 1964 2565 1336 30 257 1963 T PS 11/24/65 68 1.2 260 A
7ccl U, of I. Dr 1910? 2540 6 47 1965 P A
7c¢dl  U. of I.; Univ. 2 Dr 1951 2553 355 20 55 1951 T PS A
7dal Moscow; City 3 Dr 1946 2560 245 18 81 1951 T PS
7da2  Moscow; City 2 Dr 1926 2560 240 15 84 1951 T PS A
7da3 Moscow; City 1 Dr 1882 2560 245 12 0 1895 T PS
7ddl  Garrett Fr'tlines Dr 2561 231 6 51 1937 N A
8ab2 Moscow; City 5 Dr 1948 2660 373 24 240 1955 T Ps
8ab3 Floyd McDonald D 2610 46 36 15 1964 J D 11/24/65 50 0.20 235 A
8bal Moscow; City 6 Dr 1959 2587 1305 28 287 1960 T PS 11/16/65 77 0.6 420 A
8ccl Louis Korter Dr 1945 2560 120 6 103 1955 N A
8dal  Robert Jones Dr 1964 2605 11 2 3 1964 N 0
9bal A.A. Flack Dr 2615 126 6 100 P D 11/23/65 3.0 240 A
9bcl Frank Eveland D 2610 25 60 8 1964 J D 8/12/65 54 Tr 550 A
9bc2  Frank Eveland D 2610 13 60 8 1964 SUB D 8/12/65 0.06 205 A
9bc4  Frank Randle Dr 1963 2600 180 6 100 1963 SUB D 8/12/65 Tr 250 A
9bdl  Frank Randle D 1959 2605 27 36 18 1959 SUB D 8/12/65 0.06 205 A
9bd2  Elmer Swanson D 1957 2605 13 30 6 1957 J D 8/12/65 4.0 240 A
9ccl  Chris Deesten Dr 1950 2640 160 110 1962 P D 11/23/65 3.6 440 A
10acl US Geol. Survey Dr 1934 2630 22 1-1/2 16 1934
10cbl Roy Bell Dr 1964 2670 276 6 40 1964 SUB 0 8/13/65 1-1/2 215 A
1ldal H.L. Wilcox D 2820 21 36 7 1964 N D 8/11/65 52 0.13 220 A
12abl Kenneth Nicols Dr 2740 60 6 S D,S 8/11/65 52 Tr 205 A
15acl Moscow Elks br 1946 2600 252 8 60 1962 T Irr 8/11/65 0.23 300 A



Table |. Continued.
Well Owner or Type
No. Tenant of

Well

39N-5W (cont.)

15becl U. of I; Parker Fm. Dr
15cal Bennet Lumber Prod. Dr

l6acl James Carrico B
16ad?2 R.R. Reid B
16ad5 C.C. Warnick Dr
l6bal George Wendt Dr
16bcl Charles Jabbora D
16bc2 Charles Jabbora Dr
17cdl Everett Hagen Dr.
18bal U.Of I; Univ. 1 Dr
19ba3 Wayne Chestnut Dr
19bb4 Eric Kirkland Dr
19dal Jack Wren Dr
26bbl Albert Oleson Dr
4ON-4W

30cals Fred Robison

4ON-5W

18db2 Ray Kammeyer Dr
18db3 Ray Kammeyer D

20cbl Elwood Widman Dr
2%9aal R.K. Bonnet Dr
29aa2 R.K, Bonnet Dr
3lca2 N.T. Carson D

33bdl A.E. Koster Dr

Year Con-
structed

1957
1959

1956
19607
19457
1958
1920
19507

1961
19157

1960?

1960

1964

Elev.

of
Land

Surf.

2610
2590
2630
2640
2700
2620
2595
2595
2600
2610
2540
2540
2575
2930

2940

3030
3010
2740
2740
2720
2620
2670

Depth Dia. Depth Year Kind
of of to Meas. of
Well Casing Water Pump

(ft)  (An) (ft)
273 16 122 1957 T
252 10 90 T
18 C
58 12 12 J
246 220 1956  SUB
160 6 SUB
18-1/2 60 9-1/2 1964 R
40+ T
247 8 65 SUB
330 8 68 1921 T
70 8 30 1964
106 6 37 1965 J
45 6
200 6 170 1964 P
N
186 8 75 1964  SUB
16 48 4-1/2 1965 S
234 6 1 1960 SUB
130 8 507 J
150+ 8 50.3 1964 N
21 30 5.4 1964 N
90 8 12 1964  SUB

Use
of
Well

Irr
Ind
D

UUUU"{%UOUUUU

UrrooQoo

Date
of

Collec- (°F)

tion

11/16/65
8/11/65
8/13/65
8/13/65
8/13/65
8/13/65
11/24/65
11/23/65
8/13/65

11/24/65
8/13/65
11/23/65
8/13/65

8/11/65

8/11/65
11/18/65
8/11/65
11/4/64

11/18/65

Quality of Water

Temp Iron

54

54

(ppm)

0.4

Tx?
21/2

0.26

0.0

1.85
0.20
0.50
Tr

10.4

Electrical

Conductivity

(micromhos/cm
@25°C)

240
320
770
200
250
290
330
230
200

480
280
280
490

80

140

80
250
160

850

Remarks

S N N N NS

ample from tap
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base line and meridian. The first two segments of the well number designate
the township and range. The third segment is the section number, followed by
two letters and a numeral, which indicate the quarter section, the 40-acre
tract of land, and the serial number of the well within the tract., Quarter sec~
tions are lettered a, b, ¢, and d in cournterclockwise order, starting from the
northeast quarter of each section (Fig. 2). Within the quarter section, 40-acre
tracts are lettered in the same manner. The serial number following the letters
indicates the order in which the wells were first visited within the 40-acre
tract. TFor example, well 38N-4W-23bdl is in the SE% of the NW;II- of Sec. 23,
T. 38 N.,, R, 4 W, , and is the well first visited in that tract.,

The locations of all wells inventoried in Moscow basin are shown on
Figure 3 (in pocketj. Records of the wells that are discussed below are shown
on Table 1 and the local designations commonly used for certain wells in Moscow
basin are shown on Table 2. In general, wells will be referred to below by the
local designation.

Table 2. Local Designations of Wells in Moscow Basin, Idaho

Local Designation Idaho Bureau of Mines and
Geology Well Number (Table 1)

University of Idaho

University 1 39N-5W-18bal
University 2 39N-5W-7cdi
University 3 39N-5W-7bcl
Parker Farm 39N-5W-15bcl

City of Moscow

City 1 39N-5W-7da3
City 2 39N~-5W~-7da?2
City & 39N-5W-7dal
City 4 3IN-5W-8ddl
City 5 39N-5W-8ab?2
City & 39N-5W-8bal
City 7 39N~-5W-7ba?2
City 8 39N~-5W-7bal
Bennett Lumber Products 39N-5W-15cal
Elks Golf Course I9N-5W-15acl
Acknowledgments
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GEOLOGIC AND HYDROLOGIC SETTING

Geology

Moscow basin consists of a rolling surface of low hills at the eastern
margin of the FPalouse Hills section of the Columbia River Intermontane pro-
vince and of mountains at the western margin of the Northern Rocky Moun-
tain province. The mountains rise 509 to 1700 feet above this surface on the
northern, eastern, and southern borders of the basin, The mountains are
underlain by granitic and metamorphic rocks, The granitic rock is mainly
granodiorite of the Thatuna batholith of Cretaceous (?) age (Tullis, 1944),
p. 143-174): p, 143-174); the metamorphic rock is primarily quartzite of the
Belt Supergroup of Precambrian age (Tullis, 1944, p. 139-140). The geology
of Moscow basin is shown on geologic maps that have been published else-
where (Ross, 1965, Hosterman and others, 1960). Streams and other geo-
graphic features are shown on Figure 3., The stratigraphic column is shown
on Figure 4,

The western part of the basin is underlain by a sequence of basalt and in-
terbedded sedimentary material as much as 1400 feet thick. This sequence
is part of the Columbia River Group that covers much of eastern Washington
and northeastern Oregon as well as parts of western Idaho. The basalt gen-
erally is black and fine-grained with lccal zones of glassy, vesicular, or
porphyritic texture. Much of it is fractured and broken. The interbedded
sediments are primarily clays, silts, and fine-grained sands that commonly
are designated as "Latah Formation" . Some of the sedimentary beds re-
semble sediments deposited in lakes; other sediments are typical of stream
deposits. The approximate position of the edge of the Columbia River Group
is shown on Figure 5,

The Columbia River Group is overlain by reddish=brown loess (wind-
blown silt) of the Palouse Formation.

Before Miocene time (about 25 million years ago), Moscow basin was
part of a rugged mountain system with perhaps more than 4,000 feet of relief.
The ancestral South Fork of the Palouse River, Paradise Creek, and Missouri
Creek flowed in steep, narrow valleys, During the Miocene Epoch, flows of
basaltic lava invaded the local drainage systems from the west, After each
flow, or series of flows, surface drainage was blocked by the basalt so that
ponded areas formed between the mountains east of the basin and the basalt
surface to the west, Sediments were deposited in the ponded area before
streams could cut new channels through the basalt dams to drain the ponded
areas, Stream action dissected the lake beds and underlying basalt, and
locally deposited sand and gravel in channels before the next invasion of
lava., At least three major episodes of ponding occurred,

There is some indication that renewed uplift of the mountains occurred
between the second and third episcdes of volcanism (Cavin, 1964),

At a much later time, in the western part of the basin, wind-deposited,
reworked, fine-grained sediments formed a loess mantle in which the present
topography was developed by mass wasting and stream action.



8

Hydrology

A balance must exist between the quantity of water supplied the basin and
the amount stored within or leaving the basin. A quantitative statement of
this hydrologic equilibrium in its most general form is:

urface-water inflow + ground-water inflow + precipitatio
+ imported water + decrease in surface storage + decrease
Eground—water Storage
= Surface-water outflow + ground-water outflow +
evapotranspiration + exported water + increase in
surface storage + increase in ground-water storage.

In Moscow basin, certain terms may be eliminated because they are not
important in the basin's water balance. The modified equation becomes:

surface~water outflow + evapotranspiration
precipitation = + change in ground-water storage +
ground-water outfliow, —

Ground-water recharge is equal to the increase in ground-water storage
plus ground-water outflow., Therefore, the equation may be rewritten as:

ground-water precipitation - surface-water outflow
recharge = -evapotranspiration

The amount of water available for recharge may be estimated if the other
three factors can be measured or calculated.

Precipitation

All water in the Moscow basin enters as precipitation. Annual amounts at
Moscow for the 30-vear period, 1931-1960, averaged 22,2 inches. During this
time, the minimum was 14.13 inches (1944) and the maximum was 34.01 (1948).
Precipitation at most points in the basin is higher than at the gaging station
at Moscow., Bloomsburg (1958) showed that precipitation on the Palouse Range
above 4000 feet elevation is as much as twice the precipitation at Moscow.
Because most of the basin is below 2800 feet elevation, but above the eleva-
tion at Moscow, the average precipitation on the basin probably approximates
1.25 times the precipitation at Moscow (Sokol, 1966, p. 7).

Precipitation is not distributed evenly throughout the year. More than two-
thirds falls from October through March., Only part of the precipitation falls
as rain; a relatively large amount falls as snow during the winter months., Al-
though the snow pack at lower altitudes melts several times each winter, much
of the snow at higher altitudes remains through the winter. During the spring,
snow melts at progressively higher elevations, so that much snow at intermed-
iate elevations is melted when most of the snow at high elevations remains on
the ground.

Evapotranspiration

Perhaps the greatest problem in determining the hydrologic balance in
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Moscow basin or elsewhere is the estimation of evapotranspiration, Stevens
(1960, p. 342), using estimates by Criddle (1947} for adjacent areas, assumes
that annual evapotranspiration for Moscow basin is 16.8 inches. Thus, Stevens
calculates that approximately 10.5 inches of precipitation are available annual-
ly for runoff and ground-water recharge. However, he points out that his esti-
mate may be in error as much as 25 per cent,

Sokol (1966, p. 7-8), using estimates for menthly potential evapotrans-
piration, calculates that approximately 12,5 inches of precipitation remain an-
nually for runoff, infiltration, or ground-water recharge. Sokol further estimates
that perhaps 9 of the 12,5 inches of excess precipitation infiltrates into the
soil, mostly during the spring months., Much of this water probably is trans-
pired or evaporated during the growing season. Some undoubtedly, however,
does reach at least the shallow ground-water body,

Surface water

Few data on stream runoff from Moscow basin are available, and calcula-
tions are based on incomplete records or on extrapolations of records 6f four
gaging stations that have been installad at various times on the drainage system.,
Two tributaries of the South Fork of the Palouse River, Crumarine and Gnat
Creeks, were measured from 1955 to 1958. In addition, the station at Crumarine
Creek was maintained intermittantly from 1958 to 1965. The South Fork of the
Palouse River and Missouri Creek (also known as Missouri Flat Creek) were gaged
near Pullman, Washington, during the 1930's,

Flow in Crumarine Creek (drainage area 2.4 square miles; all of the area above
2800 feet elevation) averaged almost 10 inches of water over the drainage area,
Flow in Gnat Creek (drainage area 4.3 square miles; about one-half of the area
above 2800 feet elevation} was equivalent to 5.1 inches of water over the area.

Average flow in the South Fork of the Palouse River and in Missouri Creek
(which includes most of the Moscow basin drainage, plus additional drainage
in Washington) was equivalent to 3 inches of rain over the area. Most of this
area is at a lower elevation than is the area of Gnat and Crumarine Creek drain-
ages.

On the basis of the above data, Sokol (1966, p. 10) summarized the surface
water regimen in Moscow basin as follows:

....Streams respond mainly to snow melt above an altitude of 2800
feet. At lower elevations, heavy rainfall is a more important source
of stream flow, Where the streams flow on a granitic bedrock, they
gain water through seepage from shallow ground water throughout the
year, Where they flow over loess, the streams lose water through
infiltration to ground water,

Ground Water

Ground water occurs in all the rock types in Moscow basin; pre-Tertiary
crystalline rock, the Palouse Formation, alluvium, and the basalts and inter-
calated sediments of the Columbia River Group. The surficial sediments con-
tain water generally under unconfined (water table} conditions, and confined
(artesian) water occurs in crevices, brecciated zones, and vesicles in the
basalt and in intercalated sand layers in the Columbia River Group.
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HYDROSTRATIGGRAPHIC UNITS

Well logs, chemical quality of water, and water-level records show that
the Moscow basin ground-water system can be divided into: (1) surficial aqui-
fers, (2) three artzsian zones within the Columbia River Group, and (3) the
buried basement complex, KRelations of the hydrostratigraphic units and the
terminology used are shown on Figure 4,

Subsurface maps of Moscow basin have been published by several pre-
vious workers. Ross (1965, pl. 3) shows structure contours on the top of the
upper basalt: another interpretation is shown by Crosby and Cavin (1966, Fig., 2).
Crosby and Cavin also published a structure contour map (op. cit., Fig, 3)
on the top of the buried crystalline basement., This map showed a basement
. high centered beneath the city of Moscow pumping plant. The high was based
on "quartzite" reported at depth of 552 feet in the original log of City Well 3.
Crosby considered this high anomolous. At his suggestion, the City of Moscow
had a core hole drilled to a depth of 515 feet adjacent to the site of City Well
3. The cores are basalt. Therefore, the buried high on the crystalline basement
shown in NE3 SE3 of sec. 7 on Crosby and Cavin's map does not exist. Acting
on Crosby's suggestion (oral communication), we have prepared a revised ver-
sion of the basement map which is shown as Figure 5.

Chang-Lu (1967) published subsurface maps of several of the units in Moscow
basin, However, he did not publist his basic data; therefore we are unable to
evaluate the validity of his interpretations. The well logs available to us do
not, in our opinion, provide sufficient datas to justify interpretations in the
sort of detail that were presented by Chang-Lu.

However, at least some of his interpretations seem to be correct. His Fig-
ure 29 shows a buried valley on the top of the pre-upper basalt surface which
he considers to be a control in permeability of the upper basalt aquifer and there-
fore a control of the shape of the piezometric surface of the upper basalt aquifer,
as shown in his Figure 30, We beslieve that his idea is essentially correct al-
though we differ in cur interpretation of the shape of the piezometric surface.

Surficial Aquifers

The surficial aquifers are in (}) surficial sediments and (2) exposed crystal-
line basement. The surficial sediments include the loess of the Palouse Formation
and alluvial deposits as well as some rocks which may properly belong with the
"Latah Formation”. The rock units of the surficial aquifers generally are less
than 200 feet thick and rest either on the Columbia River Group or on the crystal-
line basement., The aquifers in the exposed crystalline basement are permeable
zones in the weathered rocks near the surface or are fractures in less-weathered
rocks at greater depths,

Surficial Sediments

Large-~diameter, shallow, dug wells yield moderate to small amounts of
water from the loess of the Palouse Formation. Many of these shallow wells go
dry, or nearly dry, in the summer months. Although the water table may stand
near the ground surface, yield is small because the specific capacity (gallons
per minute per foot of drawdown) is small.
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The alluvial aquifers also yield small to moderate amounts of water to
wells. Much of the alluvium is poorly sorted and clay lenses are numerous.
However, some lenses of sand are present that will furnish sufficient water
to a well to irrigate several acres. A well penetrating a clay lens may not
yield enough water for household use: the distance between a productive
well and a useless well may be as little as 15 feet., Some of the water in the
alluvial aquifers is under artesian conditions, but the artesian systems are
small and will not vield large quantities of water.

Exposed Crystalline Basement

Only small amounts of water can be obtained from the exposed metamor-
phic and plutonic basement rocks of pre-Tertiary age., Springs commonly are
utilized for domestic or stock water in the parts of the basin underlain by
these rocks. Some homes that have no well or spring use water that is trucked
to a storage tank,

A few wells obtain small amounts of water from the near-surface weathered
zone or from fractures in the deeper, less-weathered rocks, Only a few wells
in Moscow basin obtain more than 2 or 3 gallens per minute from the crystal-
line basement., Experience elsewhere (Meinzer, 1923, p. 143-147) indicates
that weathered cor fractured crystalline rocks generally should produce enough
water for domestic purposes within a depth of 200 feet from the surface, but
cannot be depended upon to vield more than a few gallons per minute. In parts
of Moscow basin, wells in the crystalline basement have vielded water from
depths as great as 300 feet. Our experience in Moscow basin suggests that,
if adequate water is not obtained in the first 300 feet of drilling in the crystal-
line basement, the well should be abandoned.

Columbia Rivaer Group

Several artesian aquifers are present in the various units of the Columbia
River Group. These aquifers conform to the pattern described by Newcomb
(1959) for the Columbia River Group; they consist of numerous individual aq-
uifers that are separate tabular zones with poor hydraulic connection between
zones. In the Moscow basin, some of the aquifers are in the basalt flows and
some are in the sedimentary interbeds. The lateral extent of the different ag-
uifers is variable; therefore, hydraulic connection between 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.

Although the artesian aquifers of the Columbia River Group in Moscow basin
are complex, they can be generalized into three zones of aquifers having simi-
lar artesian head and chemical quality of water (Fig. 4). Each zone corresponds
to one of the three sequences of lava flows and interfingering and underlying
sedimentary interbeds. The zones are designated as the upper, middle, and
lower artesian zones.

The upper artesian zone extends from the surface~-or the base of the sur-
ficial aquifers--to depths of about 700 feet. Until the early 1960's, almost all
water pumped in the basin came from this zone., Two University of Idaho wells,
four City of Moscow wells, and perhaps two dozen private wells derived water
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either from permeable zones in the basalt or from lenses of sand immediately be-
neath the lowest layer of basalt, The University and City wells and one irrigation
well pumped large amounts of water, mostly from sand lenses at about 2300 to
2400 feet, Beginning in the early 1960's the University and City put deeper wells
into service and decreased pumpage from the upper artesian zone. 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
drilied 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,

The middle artesian zone lies at depths of 700 to 900 feet and the lower ar-
tesian zone, 900 to 1500 feet, Only a few public-supply wells penetrate these
deeper zones; domestic wells generally obtain adequate water in the upper arte-
sian zone, The only well that obtains large amounts of water from the middle ar-
tesian zone is University Well 3. Although the well was drilled through the low-
er artesian zone and into the crystalline basement, the lower artesian zone was
not productive at University 3 and the casing was perforated between depth of
660 to 775 feet, (elevation 1905-1790) in the middle artesian zone. One well
(City 4) that was drilled into the middle interbed was abandoned by the City of
Moscow because of inadequate yield,

City 6 and City 8 derive water from the lower artesian zone--City 6, from
both basalt and a sedimentary interbed, ard City 8, from basalt, The productive
zones are in the lower part of the lower artesian zone, at about depths of
1000 to 1400 feet (elevations 1600 to 1200 fzet).

Buried Crystaliine Basement

Crystalline rocks underly the surficial sediments and the Columbia River
Group throughout Moscow basin. West of the outer margin of the basalt (Fig.
S), only 2 wells had been drilled into the buried crystalline basement by the late
1960's, In City 8, granitic rocks were reached at a depth of 1390 feet (Ross,
1965, p. 107) and were penetrated for 42 feet without any significant amount of
water being discovered. In University 3, granitic rocks were reached at a depth
of 1320 feet and were penetrated for 26 feet,

Experience elsewhere (Meinzer, 1923, p., 143-147) has shown that crystalline
rocks seldom will yield more than a few tens of gallons per minute (gpm) to wells
and almost never yield as much as 100 gpm. Because of the great depth to the
buried crystalline basement, the expense of drilling to the basement is not justi-
fied in view of the small yields to be expected, For all practical purposes, the
buried crystalline basement should not be considered an aquifer in the Moscow
basin.
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HYDRAULIC PROPERTIES OF THE AQUIFERS

Sizes and Shapes of the Aquifers

Surficial Aquifers

The individual aquifers in the surficial zones are small. The aquifers are
lenticular sand bodies in the surficial sediments or are tabular to sheet-like
fractures in the crystalline rocks. Minimum dimensions of most of the aquifers
are as little as fractions of an inch in the fracture zones and a few feet in the
sand bodies: maximum dimensions are nc more than a few hundred feet laterally
and a few feet vertically,

Artesian Aquifers

The artesian aquifers are bounded cn north, east, and south by the rela-
tively impermeable rocks of the crystalline basement. Much of the recharge
to the artesian zones probably comes from downward percolation along this con-
tact zone; some of the recharge may come from vertical percolation through the
rocks overlying the artesian aquifers.

For the purposes of computations involving day-to-day operation of wells,
the contacts on north, east, and south are regarded as barrier boundaries, and
the artesian aquifers are regarded as having infinite extent to the west. Some
sort of boundary must be present west of the Idaho-Washington state line, but
the position and nature of the boundary is not known. The state line is arbi-
trarily used as the western border of Moscow basin; although this border has
important political effects on the development of Moscow basin water, itis hy-
draulically neutral.

Much of the production from the upper artesian zone came from the upper
100 to 200 feet--elevation 2300 to 2400. For purposes of generalization, the
2300 foot contour on the crystalline basement (Fig. 5) was designated as the
average position of the edge of the upper artesian zone. The upper artesian
zone can be generalized as a rectangle about 20,000 feet across from north to
south and 17,000 feet from east to west (Fig. 9). A centrally-located well on the
state line would be the furthest from barrier boundaries in the basin--10,000 feet
from the north and south barriers and 17,000 feet from the east barrier boundary.
All existing wells in the upper artesian zone are closer than these distances to
at least one barrier boundary.

Wells in the two deeper zones generally are closer to barrier boundaries than
those in the upper artesian zone. The 1800 foot contour on the crystalline base-
ment (Fig., 5) was designated as the average position of the edge of the middle
artesian zone; the middle artesian zone can be generalized as a rectangle about
10,000 feet across from north to south and 15,000 feet from east to west (Fig., 9).
The 1400 foot contour was designated as the average position of the edge of the
lower artesian zone; the lower artesian zone can be generalized as a rectangle
about 7500 feet from north to south and 15,000 feet from east to west (Fig. 9).
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Ground~Water Circulation System

The unconfined aquifers in Moscow basin are recharged by direct infiltra-
tion of rainwater and snowmelt and, in the lower elevations, by stream-bed
percolation, Discharge is to surface streams and by downward percolation
to the artesian aquifers. In some reaches of streams flowing across the ex-
posed crystalline basement, considerable exchange takes place back and
forth between ground water and surface water (Chang-Lu, 1967, p. 61-69).
The ground-water circulation system of Moscow basin is shown on Figure 6.

The artesian aquifers are recharged mainly by water moving downward
through the discontinuous zone of unconsolidated sediments and weathered
crystalline rock lying between the edge of the basalts and the crystalline
basement. Vertical recharge may come from water moving downward from over-
lying water table or artesian aquifers, either directly downward through under-
lying units or laterally to the edge of the aquifer, then downwards.

The first wells drilled in the upper artesian zone, in the late 1890's, were
flowing wells (Russell, 1901). At that time, the piezometric surface of the
upper artesian zone was higher than the water table of the overlying surficial
aquifers, at least in the lower parts of the basin. Under these conditions,
some of the water from the upper artesian zone could have discharged by up-
ward movement into the overlying water table bodies. However, most of the
discharge probably took place by underflow to the west, out of Moscow basin.
The relations between water levels were reversed when pumping drew the pie-
zometric surface of the upper artesian zore below the water table. In response
to the reversal of gradient, the water from the water table aquifers could move
downwardinto the artesian zones.

The piezometric surfaces of the middie and lower artesian zones apparently
always have been lower than that of the upper artesian zone. In late 1966, the
elevation of the piezometric surface of the upper artesian zone in the center
of Moscow basin was at about 2490 feet (Fig. 10), whereas the elevations of
the piezometric surfaces of the middle and lower artesian zones were both about
2300 feet.

This head differential of nearly 200 feet is a driving force that could cause
vertical recharge by water moving downward to the middle and lower artesian
zones from the upper artesian zone., The head differential would have to move
the water from the elevation 2300 (productive levels of the upper artesian zone)
to elevation 1905-1760 and 1600-1200 (productive levels of the middle and lower
artesian zones). The water would have to move vertically through the upper in-
terbed, which is dominately silty sediments, then through the upper part of the
middle basalt to the productive level in the middle basalt, then through the mid-
dle interbed and upper part of the lower basalt to the productive level in the
lower basalt.

In the absence of data on the vertical permeability of the beds, analysis of
actual vertical recharge is not possible., Even theoretical analysis would serve
little purpose because of the difficulty of estimating permeabilities. Data in
Wenzel (1942, p. 13) show that permeabilities of silty sediments can range through
six orders of magnitude. Vertical recharge probably does occur in Moscow basin,
but the amount cannot be estimated with the data available,
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The head differential between the upper artesian zone and the deeper zones
also could cause water to move laterally through the upper artesian zone into
the consolidated materials at the margin of the basin, then downwards into the
deeper artesian zones, Ross (1965, p. 51 and pl. 8) mapped a trough in the
piezometric surface of the upper artesian zone that coincides with the edge of
the zone. This trough probablv represents the decline in head as the laterally
moving waters pass out ¢f the upper ariesian zone into the aquifers in the un-
consolidated materials.

Factors in Aquifer Analvsis

The hydraulic properties of aquifers usually are computed by analysis of
data obtained through special types of field pumping tests. Field methods are
of limited value in Moscow basin because:

1. Too few wells pump from the deeper artesian zones.,

2, Aquifer boundaries are close and have so great an effect on
water levels as to make analysis of pump-test data very
difficult.

3. Drawdowns are small for high pumping rates; recovery is so
rapid that recovery tests are not satisfactory.

One pumping test was run on a well in the surficial sediments and one on a well
in the crystalline basement. The City of Moscow arranged for one short test
using wells in the lower artesian zone. Production pumping tests were run on
many wells in Moscow basin at the completion of drilling; however, water level
measurements from production tests generally are not sufficiently frequent and
precise, and pumping rates seldom are sufficiently closely controlled, to pro-
vide data from which hydraulic properties of aquifers can be computed.

Most of the aquifer properties were estimated., Values were estimated from
production pumping test data using methods in the literature, or from values re-
ported from similar aquifers elsewhere, or from studies of mathematical models
of the Moscow basin aquifers,

The two most important hydraulic properties of aquifers are transmission of
water and storage of water. These properties are expressed quantitatively as
the two "aquifer constants", defined as (Ferris and others, 1962, p. 72-78):

Coefficient of Transmissibility =" T"

Rate of flow of water, at the prevailing water temperature, in gal-
lons per day, through a vertical strip of the aquifer 1 foot wide
extending the full saturated height of the aquifer under a hydraulic
gradient of 100 percent., Expressed as galions per day per foot;
gal/day/ft,

Coefficient of Storage

Volume of water released from or taken into storage per unit sur-
face area of the aquifer per unit change in the component of head
normai to that surface. Expressed as a dimensionless decimal
fraction.
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Where proper data are available, coefficient of transmissibility and coef-
ficient of storage generally are computed by some variation of the Theis
nonequilibrium equation.

The Nonequilibrium Equation

Although the nonequilibrium equation of Theis (1935) is based on a num-
ber of assumptions that should limit its usefulness, it has proved reasonably
accurate in many ground-water flow systems that do not meet all of the re-
strictions of the equation.

We used the modified nonequilibrium equation of Jacob (1950) in order
to simplify calculations and permit the use of straight-line solutions. The
form that we used is from Ferris and others (1962, p. 92):

_ 264Qlog 10 (0.3 TY)
- T rZS

The factors in the equation are:
s = drawdown, feet.
Q = pumping rate, gallons per minute,
T = coefficient of transmissibility, gallons per day per foot.
t = time, days

r = distance, from pumping well to point where drawdown is being
calculated, in feet.

S = coefficient of storage, dimensionsless fraction,
One of the assumptions of the nonequilibrium equation is that the aquifer is
of infinite areal extent, Although this assumption is not valid in Moscow

basin, the finite real aquifers can be transformed into imaginary infinite
aquifers by the use of the theory of image wells.

Image Well Theory

The following discussion, taken verbatum from Ferris and others (1962, p.
144-168), is presented here to provide an understanding for the following sections
inwhich image well theory is used to analyze the effects of the aquifer boundar-
ies of Moscow basin. Illustrations were taken from Walton (1962, Fig. 9 and 11).

"The development of the equilibrium and nonequilibrium formulas
discussed in the preceding sections was predicted in part on the as-
sumption of infinite areal extent of the aquifer, although it is recog-
nized that few if any aquifers completely satisfy this assumption,

In many instances the existence of boundaries serves to limit the
continuity of the aquifer, in one of more directions, to distances rang-
ing from a few hundred feet to as much as tens of miles. Thus when an
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aquifer is recognized as having finite dimensions, direct analysis

of the test data by the equations previously given is often precluded.
It is often possible, however, to circumvent the analytical difficul-
ties posed by the aquifer boundary. The method of images, widely
used in the theory of heat conduction in solids, provides a ccnven-
ient tool for the solution of koundary problems in ground-water flow.
Imaginary wells or streams, usually referred to as images, can some-
times be used at strategic locations to duplicate hydraulically the
effects on the flow regime caused by the known physical boundary.
Use of the image thus is equivalent to removing a physical entity
and subsitituting a hydraulic entity. The finite flow system is there-
by transformed by substitution into one involving an aquifer of in-
finite areal extent, in which several real and imaginary wells or
streams can be studied by means of the formulas already given,

Such substitution often results in simplifying the prcblem of ana-
lvsis to one of adding effects of imaginary and real hydraulic
systems in an infinite aquifer.

An aquifer boundary formed by an impermeable barrier, such
as a tight fault or the impermeable wall of a buried stream valley
that cuts off or prevents ground-water flow, is sometimes termed
a "negative boundary” . Use of this term is discouraged, however,
in favor of the more meaningful and descriptive term "impermeable
barrier"., A line at or along which the water levels in the aquifer
are controlled by a surface body of water such as a stream, or by
an adjacent segment of aquifer having a comparatively large trans-
missibility or water-storage capacity, is sometimes termed a
"positive boundary”. Again, however, use of the term is discour-
aged in favor of the more precise terms "line source" or "line
sink" , as may be appropriate.

Although most geologic boundaries do not occur as abrupt
discontinuities, it is often possible to treat them as such. When
conditions permit this practical idealization, it is convenient
for the purpose of analysis to substitute a hypothetical image
system for the boundary conditions of the real system.

In this section, where the analysis of pumping-test data is
considered, several examples are given of image systems re-
quired to duplicate, hydraulically, the boundaries of certain types
of areally restricted aquifers. It should be apparent that similar
methods can be used to analyze flow to streams or drains through
areally limited aquifers.

An idealized section through a discharging well in an aquifer
bounded on one side by an impermeable barrier is shown in Figure 7.
It is assumed that the irregularly sloping boundary can, for practi-
cal purposes, be replaced by a vertical boundary, occupying the
position shown by the vertical dashed line, without sensibly
changing the nature of the problem. The hydraulic condition imposed
by the vertical boundary is that there can be no ground-water flow
across it, for the impermeable material cannot contribute water to



20

the pumped well. The image system that satisfies this condition
and permits a solution of the real problem by the Theis equation
is shown in Figure 7c. An imaginary discharging well has been
placed at the same distance as the real well from the boundary
but on the opposite side, and both wells are on a common line
perpendicular to the boundary. At the boundary the drawdown
produced by the image well is equal to the drawdown caused by
the real well, Evidently, therefore, the drawdown cones for
the real and the image wells will be symmetrical and will pro-
duce a ground-water divide at every point along the boundary
line. Because there can be no flow across a divide, the image
system satisfies the boundary condition of the real problem
and analysis is simplified to consideration of two discharging
wells in an infinite aquifer. The resultant drawdown at any
point on the cone of depression in the real region is the al-
gebraic sum of the drawdowns produced at that point by the
real well and its image. The resultant profile of the cone of
depression, shown in Figure 7d is flatter on the side of the
well toward the boundary and steeper on the opposite side
away from the boundary than it would be if no boundary were
present.

An idealized section through a discharging well in an aquifer
hydraulically controlled by a perennial stream is shown in
Figure 8. For thinaquifers the effects of vertical flow compo-
nents are small at relatively short distances from the stream, and
if the stream stage is not lowered by the flow to the real well
there is established the boundary condition that there shall be
no drawdown along the stream position., Therefore, for most
field situations it can be assumed for practical purposes that
the stream is fully penetrating and equivalent to a line source
at constant head. An image system that satisfies the foregoing
boundary condition, as shown in Figure 8b allows a solution of
the real problem through use, in this example, of the Theis
nonequilibrium formula. Note in Figure 8b that an imaginary
recharging well has been placed at the same distance as the
real well from the line source but on the opposite side. Both
wells are situated on a common line perpendicular to the line
source. The imaginary recharge well operates simultaneously
with the real well and returns water to the aquifer at the same
rate that it is withdrawn by the real well. 1t can be seen that
this image well produces a buildup of head everywhere along
the position of the line source that is equal to and cancels the
drawdown caused by the real well which satisfies the boundary
condition of the problem. The resultant drawdown at any point
on the cone of depression in the real region is the algebraic
sum of the drawdown caused by the real well and the buildup
produced by its image. The resultant profile of the cone of
depression, shown in Figure 8b is flatter on the landward side of
the well and steeper on the riverward side, as compared with
the shape it would have if no boundary were present,"
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Image Well Array for the Moscow Basin Artesian Aquifers

The irregular boundaries of the three artesian zones (Fig. 3) can be general-
ized as three straight lines interesecting at right angles, an image well array
that is discussed by Ferris and others (1962, p., 156-159). Preliminary studies
of this aquifer model showed that little error is introduced by utilizing only
one well that is equidistant from the north and south boundaries, rather than
using several wells at the actual locaticns of real wells, Using the single
central well greatly reduces the number of image wells necessary and thus
greatly reduces the number of calculations necessary for each solution of the
model.

Figure 9 shows the models for the three artesian zones. Dimensions of
the models are shown on Table 3. The image well arrays in all three models
continue outward to infinity., The number of wells that will affect the central
well depends on values selected for the length of time of pumping, coefficient
of storage, and coefficient of transmissibility in the model under study. In
some of our model aquifer studies, several hundred image wells were needed be-
fore the effect of additional wells became small enogh to be neglected.

Table 3, Dimensions of the models of the artesian zones, Moscow basin, Idaho

Distance from

Artesian Width N-S Central Well to Spacing Between
Zone ft, Eastern Boundary ft, Image Wells ft.
Upper 20,000 8,500 20,000
Middle 12,000 10,000 12,000
Lower 7,500 6,000 7,500

Variation in Specific Capacity of a Well

The specific capacity of a well is the number of gallons pumped per minute,
per foot of drawdown. Specific capacity is not a constant for an individual well,
but tends to decrease with increase in discharge owing to increased friction and
turbulence in the weli and pump ("well loss"). Specific capacity also decreases
if the cone of influence of the well migrates outward far enough to reach one or
more barrier boundaries., Decrease in specific capacity because of barrier bound-
ary effect can be detected only if the well is pumped at a constant rate.

Specific capacity may increase with time of pumping. Generally, this hap-
pens during the production test immediately following the drilling of the well
and indicates that the well was not fully developed prior to the test., This ef-
fect is most common in screened or perforated wells in unconsolidated sediments.

Hydraulic Properties of the Surficial Aquifers

Water Table

Ross (1965, pl. 5) has published a map of the water table in the surficial
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aquifers of Moscow basin. With minor exceptions that are of no importance
here, the map shows the usual "subdued reflection" of the surface topography.

Aquifer Constants

Ross (1965, p. 42-48) discussed the results of a pumping test on well
39N-5W-9bc2, a dug, water-table well in surficial sediments, probably
alluvium., The results of the test are:

Coefficient of Transmissibility (*T") = 1,2 x 103 gal/day/ft.
Coefficient of Storage ("S"} =9.,0 x 10~2

The T is rather low, but probably is typical of the fine -grained surficial sedi-
ments. The S is in the lower part of the range of values that is typical of
water-table wells (Ferris and others, 1962, p. 78).

We ran a pumping test of well 40N-5W-29aal with well 29aa2 as an ob-
servation well, The wells are in the exposed crystalline basement. Well
29%aa2 is a project observation well on which a recording gage operated for
about ten months. The recording gage record showed no evidence of water
level changes in response to changes in barometric pressure. Therefore,
29aa2 probably is a water-table well. The long-term hydrograph from the
recording gage record on well 29aa2 is shown in Figure 14, During the test,
the presence of several barrier boundaries became evident when sharp inflec-
tions showed up in the time-drawdown plots of the data. These barriers pro-
bably are the ends of fracture zones from which the water was derived. The
results of the test (prior to barriers coming into effect) are:

Coefficient of Transmissibility ("T") = 7.0 x 103 gal/day/ft.
Coefficient of Storage ("S") =2.0 x 10-4
The effect of the barrier boundaries was to reduce the apparent T to about
2.0x103 or 3.0 x103 gal/day/ft. Such reductions are to be expected as
various fractures are depleted of water. The S is unusually low for a water-
table well.

Hydraulic Properties of the Artesian Aquifers

Piezometric Surfaces

We cannot map the piezometric surfaces of the middle and lower artesian
zones because too few wells reach them, however, numerous wells penetrate
the upper artesian zone.

Maps of the piezometric surface to the upper artesian zone have been pub-
lished by several workers, Laney, Kirkham and Piper (1923) show a simple
pattern, open to the west, which is based on water levels in about 20 wells .
Their original data were not published. Ross (1965, pl. 8) shows a somewhat
more complex pattern, based on about 17 wells., A later version based on about
40 wells is reproduced, in a simplified version, as Figure 10 (Jones, Ross,
and Williams, 1968, p. 280). Basic data to support the interpretation are in
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Ross (1965, Table XV) or are on file with the Idaho Bureau of Mines and
Geology.

Figure 10 presents our interpretation that, as of 1966, the piezometric sur-
face of the upper artesian zone is dominated by two cones of depression.,
The smaliler cone, in the sub-basin to the southeast, is the result of heavy
pumping of two irrigation wells and one industrial well (Parker farm, Elks
Golf Course, and Rennett Lumber Products wells).

The larger cone, in the main basin, is shown as closed and is interpre-
ted as a residual cone of depression dating from the period of heavy pumping
of the upper artesian zone by the City and the University.

Chang~Lu (1967, Fig. 30) presents a different interpretation of the piezo-
metric surface of the upper artesian zone (his "upper basalt aquifer") that is
based on water levels in about 50 wells--many of which must be the same
wells as we used in our interpretation. Chang-Lu shows the piezometric
surface as open to the west and discusses the control of the shape of the
surface by the shape of a buried channel at the base of the "upper basalt
aquifer" (loc., cit., p. 70-75). Unfortunately, Chang-Lu did not publish his
basic data; therefore, we are unable to determine why his interpretation
differs from ours. In our opinion, examination of his map suggests that, if
he had continued his 2460, 2480, and 2500 foot contours, they would have
closed at about the same general area that we close ours.

In both our map and Chang-Lu's map, the apex of the cone of depression
is considerably to the north of the former center of pumpage. Chang-Lu re-
lates this position to the buried channel.

When the upper artesian aquifer was first developed in the 1890's, wells
flowed in the vicinity of the Moscow pumping plant. Therefore, the eleva-
tion of the piezometric surface originally was at least 2620 feet in the central
part of the basin. We have no other data on which to construct a pre-develop-
ment piezometric map and therefore have no idea what the influence of the
buried channel may have been on the pre-1890 piezometric surface. The dis-
placement of the apex of the 1966 cone of depression north of the center of
pumpage suggests that the buried channel may exert an influence on the 1966
surface--if so, then it prebably alsc influenced the pre-1890 surface. Our
conclusion is that the 1966 residual cone of depression is superimposed on a
trough controlled by the buried valley.

Theoretical Effect of Barrier Boundaries on Specific Capacities

Moscow basin artesian aquifers are small and barrier boundary effects
should be expected to show up during constant-rate periods in pumping tests,
if the rates of expansion of cones of influence are large. Data on the rate of
expansion of the cone of influence are available for the lower artesian zone.
During the test of March 31, 1965, pumping of City Well 6 caused drawdown
to begin in City Well 8, 6,000 feet away, in less than 2 minutes, Rapidity
of rate of expansion of the cone of influence of City Well 6 is confirmed from
recording instrument records. A recording water-level gage was operated on
City 8 from March 15 to April 19, 1965 while a recording voltmeter was opera=
ted on the pump controls for City Well 6. A hydrograph of this period was
published by Sckol (1966, Fig. 15). Althcugh the records are not as precise
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as those of the pumping test, they do indicate a time of transmission of cone
of influence of 5 minutes or less.

In the model of the lower artesian zone, (Fig. 9), City Well 6 is 2,000 feet
from the north barrier boundary, 2,500 feet from the east barrier boundary, and
5,000 feet from the south barrier boundary. City Well 8 is 7,500 feet from both
the north and south barrier boundaries and 8,500 feet from the east barrier
boundary. If the cone of influence of a well in the lower artesian zone can mig-
rate 6,000 feet in less than 2 minutes, the cone will reach all three barrier
boundaries within a very few minutes for any well in the lower artesian zone.

When the rate of expansion of the cone of influence in an aquifer is known,
the time after pumping begins at which image wells will influence water levels in
an observation well.can be predicted by the Law of Times (Walton, 1962, p. 16);

r

t] th
2 2
1 r n

Y] = time after pumping begins for cone of influence to migrate from pumping
well to observation well; in minutes.
ry = distance from pumping well to observation well, in feet,

tn = time after pumping begins for cone of influence of a pumping image well
to arrive at observation well: in minutes,

r, = distance from a pumping image well to observation well, in feet.
Using the data of the March 31, 1965, pumping test in the model of the lower

artesian zone, the times after pumping begins for the cones of influence of
image wells to arrive at the central well are:

Cumulative Number Cumulative Number
Minutes of Wells Minutes of Wells
3.5 2 445.,5 47
7.9 3 522.8 51
12 .4 7 606.4 55
27.8 11 696.1 59
49,5 15 792.0 63
77.3 19 894.0 67
111.4 23 1002.4 71
151.6 27 1116.8 75
198.0 31 1237.5 79
250.6 35 1364.3 83
309.4 39 1497.4 87
374.,3 43

These data apply to a pumping rate of 900 gpm, but serve to give an idea of

the times of arrival of image well effects for other pumping rates. The amount
of drawdown caused by each image well at any given time is a function of
pumping rate, coefficient of transmissibility, and coefficient of storage. Com-
putations of effects are not particularly useful in the absence of data on the
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aquifer constants., However, the data do indicate that water levels in wells
in the lower artesian zone are under the influence of barrier boundary effects
within a few minutes of the beginning of pumping and that the number of
image wells affecting the water levels increases at a greater rate in the
earlier part of the pumping cycle--within the first 4 to 5 hours after pumping
begins. Because the image wells in the modsl extend to infinity, image
well effects should continue to increass as long as the well is pumped con-
tinuously.

The middie and upper artesian zcnes are larger than the lower artesian zone.
No data on rate of spread of cone of influence are available for the middle arte-
sian zone, but the performance of University Well 3 suggests rapid spread.

In the upper artesian zone, very little evidence of interference from other
wells is present in the records of a recording water-level gage that was oper-
ated on University Well 2 between June 25 and July 14, 1964 (Sokol, 1966,
Fig. 3). Either rates of expansion of cones of influence in the upper artesian
zone are much slower than those of the lower artesian zone, or the aquifer
supplying University Well 2 is poorly connected with the aquifers supplying
the other wells in the upper artesian zone.

However, it is possible that the rates of expansicn of cones of influence
in the middle and upper artesian zones are as great as that of the lower artesian
zone. The data for the lower artesian zone are regarded as the upper limit of
the range of probable values for the rate of expansion of cones of influence in
the middle and upper artesian zonss.

Sources of Specific Capacity Data

Data on production pumping tests and on daily operation of wells in Moscow
basin are on file in the offices of the Moscow City Engineer and of the Physical
Plant Division of the Unriversity of {dahe. Data on specific capacity are analy-
zed below for 8 wells; 5 are in the upper artesian zone, 1is in the middle arte-
sian zone and 2 are in the lower artesian zone. Most of the data are production
pumping tests in which drawdowns were determined by airline and pumping rates
were measured with an orifice gags.

In most of the tests, pumping rates were varied. Generally, the tests be-
gan at rather low rates, then the rate was increased at various times, Very few
of the tests were at constant rate in the early part of the test when karrier bound-
ary effects should have been least pronounced. However, the earliest reported
values of specific capacities will give the best available indications of the ideal
performance of the aquifer under minimum barrier boundary effect,

Barrier boundary effects were not appavent in production pumping tests in the
upper and middle artesian zones. Barrier boundary effects are present in one
well in the lower artesian zone and inay be present in the other,
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Specific Capacities of Wells in the Upper Artesian Zone

Detailed production test data are available for University Well 2 and City
Well 6 (at its original depth of 250 feet, upper artesian zone), Partial data
are available for a special pumping test in City Well 2 and for the production
test of the University of Idaho Parker Farm Well. Data are available for
daily operation of City Well 3, No barrier boundary effects are evident in
the records of tests of these wells. Specific capacity decreases in each
well with increase in pumping rate,

University Well 2 obtains most of its water from sands in the upper in-

" terbed. During the pumping test of February 24-25, 1951, the well was pumped
at 420 gpm. for the first half hour with a drawdown of less than 1 foot. Well
loss must have been very low at this pumping rate; the specific capacity should
be a very good indication of the ideal performance of the aquifer. In later
parts of the test, pumping rates were increased, drawdowns were larger, and
specific capacity declined throughout the test., However, at the end of the
test, the well was found to have collapsed and filled in to 114 feet above the
original well bottom. The decrease in specific capacity during the test could
have been related to the well collapse and should not be used to deduce any
properties of the aguifer.

City Well 6 was originally drilled to @ depth of 250 feet and was tested
on January 3-4, 1956, The earliest reported specific capacity was 18,8 gal/ft
after 30 minutes of pumping 300 gpm. Pumping rates were increased in steps
to 1140 gpm, during the first 5 hours and 32 minutes of the test; specific cap-
acity decreased from 18.8 to 16.5 gal/ft. From 5 hours and 37 minutes to 27
hours, the pumping rate was fairly constant at 1515 to 1585 gpm. (4-1/2 per-
cent range), but the specific capacity increased from 18.0 to 19.8 galdis.
The increase may have been caused by development of the well, The log of
the well indicates that the productive zone (229 to 233 feet) is in basalt,
This is the only well in basalt in Moscow basin that shows an increase in
specific capacity throughout the production pumping test.

A special pumping test was run on City Well 2 on February 19-20, 1958.
The complete record was in the files of the Moscow City Engineer in the
spring of 1969, but was missing in June of 1969. Partial data copied from
the record show an earliest reported specific capacity of 100 gal/ft after
10 minutes of pumping 300 gpm. At the end of 1 hour of pumping, specific
capacity was 55 gal/ft at a pumping rate of 550 gpm. At 8 hours, the pump-
ing rate was 1169 gpm. and, at 24 hours, it was 120 gpm. Specific capa-
city at the end of 8 hours and 24 hours was 58 gal/ft. Specific capacity
apparently remained constant from 8 to 24 hours of pumping, indicating an
absence of barrier boundary effects during this part of the test,

Detailed records are not available for the pumping test of the University
of Idaho's Parker Farm well (i5b¢cl,, The log of the well in the University
Engineer's office states that drawdown at the end of 24 hours of pumping
1000 gpm. was 21 feet: the specific capacity at that time was 47 gal/ft.

Daily operation records of City Well 3 in the files of the Moscow City
Engineer's office indicate drawdowns of 8 to 12 feet at the end of normal
days of intermittent pumping 1350 gpm. Specific capacity is placed at 135
gal/ft after 8 hours of pumping.
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Specific Capacity of a Well in the Middle Artesian Zone

University Well 3 was tested September 5-8, 1963, The earliest reported
specific capacity is 500 gal/ft after 30 minutes of pumping 1000 gpm. At the
end of 1 hour of pumping 1000 gpm, specific capacity was still 500 gal/ft,

Pumping rate was increased at about 2 hour interwals throughout the test.,
The performance of the well is remarkable; drawdown was only 2 feet after
6% hours of pumping 1000 to 1200 gpm. and only € feet at the end of the 24
hour test with the last 43 hours being at a pumping rate of 2185 to 2197 gpm.
Specific capacity at the end of 24 hours was 365 gal/ft.

Apparent initial increase of specific capacity after each increase of
pumping rate probably was the result of use of airline to determine water
level measurements. The airline apparently lagged somewhat behind the
change in water level., Shortly after each increase in pumping rate, speci-
fic capacity declined, but then remained constant for the remainder to the
3-hour constant rate period. Decrease in specific capacity seems to be re-
lated only to increase in discharge. Barrier boundary effect would be very
difficult to detect in a well with such a high specific capacity when an air-
line is used to measure water levels; airlines are accurate only to about 1
foot.

Specific Capacities of Wells in the Lower Artesian Zone

City Well 6 was tested several times when it was deepened to the lower
artesian zone. The final test was on April 27-28, 1960,

The record of the test does not state the exact time that pumping began.
The first useful figures on specific capacity are 29.3 gal/ft at 1532 gpm.
and 42,5 gal/ft at 1660 gpm., From 11:25 p,m. on April 27 until 10:00 a.m,
on April 28, the pumping rate was relatively constant, fluctuating between 1660
and 1710 gpm. (6 percent), During this pericd of 10 hours and 35 minutes,
specific capacity decreased from 42 .5 gal/ft at the beginning to 34.6 gal/ft
at the end. During the next 9 hours of the test, the pumping rate was nearly
constant at 1620 gpm. and specific capacity was constant at 35.2 gal/ft, Be-
cause the decrease in specific capacity tocok place during a constant-rate
period that must have been fairly early in the test, it may have been partly
the result of barrier boundary effect, The long period of constant specific
capacity later in the test could have been because fewer image wells become
effective with increasing time,

On March 29-31, 1965, we ran a pumping test using City Well 6 as the
pumping well and City Well 8 as the observation well. In preparation for the
test, City Well 6 was not operated from 7:30 p.m. on March 30 until 6:27 a.m.
on March 31. After the test began, the specific capacity of City Well 6 was
53.5 gal/ft after 8 minutes of pumping 940 gpm. and 50.5 gal/{t after 13
minutes of pumping, the rate having reduced to 910 gpm. Because the pump was
operated intermittently in later parts of the test, the rest of the specific
capacity data are not useful,

City Well 8 was tested December 11-12, 1964, The earliest reported
figure on specific capacity is 36.4 gal/ft after 30 minutes of pumping 1090
gpm., At the end of 1 heur of pumping 1090 gpm, specific capacity had decreas-
ed to 34.1 gal/ft. The pumping rate of 1090 gpm., was maintained for the first
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7 hours of the test, Specific capacity decreased steadily for the first 43 hours,
reaching 31.2 gal/ft; during the remaining 2% hours, specific capacity was
constant. From 7 to 13 hours, pumping rate was 1300 gpm; specific capacity
was essentially constant at 25.1 gal/ft. Pumping rate was reduced to 1200 gpm
from 13 to 17 hours: specific capacity was essentially constant at 26.1 gal/ft .
Pumping rate was reduced to 1093 gpm. from 17 to 21 hours; specific capacity
increased from 29.6 gal/ft at 174 hours to 31,3 gal/ft at 183 hours, but then
remained constant for the remainder of the period. Pumping rate was then re-
duced to 1000 gpm. from 21 to 24 hours; specific capacity increased from 33.3
gal/ft at 21 hours and 5 minutes to 34.5 gal/ft at 213 hours, then remained
constant for the rest of the test. The decrease in specific capacity during the
first 4% hours of constant-rate pumping probably is the result of barrier
boundary effect. The increases in specific capacity following some of the re-
ductions of pumping rate in later parts of the test may also be the result of
decreases in barrier boundary effects.

Aquifer Constants

In the absence of suitable pump test data, the properties of the artesian
aquifers must be estimated. Estimates are based on methods of indirect calcu-
lation from the literature, on data reported from similar aquifers elsewhere,
and on studies of mathematical models of the Moscow basin aquifers.

Coefficient of Storage

According to Ferris and others (1962, p. 76), the coefficient of storage
of artesian aquifers generally ranges from 1.0 x 10-3 to 1.0 x 10-5. Other
authors report higher values from basalt aquifers ?f the Pacific Northwest.,
Values for Snake Plain basalt range from 1.0 x 1074 to 1.0 x 10'3 (Walton and
Steward, 1959: Mundorff, Crosthwaite, and Kilburn, 1964). However, Snake
Plains basalts differ from Columbia River basalts in that they originated from
central eruptions rather than fissure eruptions and are characterized by pahoe-
hoe lavas and lava tubes that are absent in the Columbia River basalts. Be-
cause primary permeability is a function of origin in volcanic rocks, Columbia
River basalts may not have the same sort of aquifer characteristics as Snake
River basalts.

Nevertheless, high values of coefficient of storage have been reported
from Colymbia River basalts, Eddy (1969) reports values of 1.0 x 1074 to
1.0 x 107° for the basalts in the central Columbia Basin Project of Washington.
According to D.A. Myers (oral communication), U.S. Geologic%l Survey per-
sonnel working in the Columbia River basalt consider 2.3 x 107 to be the best
average value of coefficient of storage. Price (1961) reported a value of 2.0 x
10-4 for a well in Columbia River basalt near Walla Walla, Washington.,

We have no direct data on coefficient of storage of Columbia River basalt
in the Moscow basin artesian aquifers. Our studies of mathematical models
that are discussed below show that results that most closely match the actual
performance of the real aquifers are obtained when the values used are:

Upper artesian zone 2.3x1073 to 3.0x 1074

Middle artesian zone 2.3 x10-3

Lower artesian zone 1.0x 103
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Although these values are high for artesian aquifers, they are in the range
that has been reported from basalt aguifers elsewhere, The aquifer models
assume that no recharge is taking place; if recharge is actually taking place
in the real aquifer, one of the effects would be model coefficients of storage
that are higher than the real value,

Coefficient of Transmissibility

Several graphs for estimating coefficient of transmissibility from specific
capacity are in the literature. We used the graph of Walton (1962, p. 12-13)
because specific capacities of some Moscow basin wells are so great as to
be off scale on the graphs of Myer (in Bentall, 1963, p. 338-340) and Hurr
(1966) . Data are shown on Table 4. Where results could be checked between
the several graphs, Walton and Myer corresponded closely whereas Hurr tend-
ed to give values about 50 percent lower, The method of Huir seems to be
more applicabie to water-table aquifers than to artesian aquifers,

Because of possible image-well effects and because of the common prac-
tice of increasing pumping rate during production pumping tests in Moscow
basin, we used the earliest reported specific capacities whenever possible.
We could not avoid using several 1-hour figures as well as an 8-hour and a
24-hour figure. Most of the data probably are infiuenced by barrier boundary
effect and well loss and should be regarded as minimum values. The data
indicate a considerable range of values~-a relation that is common in basalt
aquifers,

The value of 1,0 x 10° gal/day/ft for University Well 2 is considered a
very good figure because of the low pumping rate (and low well loss) and be-
cause of its early time in the test. The 24-hour specific capacity of 47 gal/
ft for the Parker Farm well does not differ much from the 24-hour specific
capacity of 58 gal/ft for City Well 2,

The effect of full penetration of Moscow basin aquifers is shown by the
difference between the data for City Well € at 968 feet and at 1305 feet.
At their final depths, City Well 6 is nearly fully penetrating and City Well
8 does penetrate fully; specific capacities and transmissibilities of the two
wells are very similar.

A wide range of values of coefficient of transmissibility has been reported
from basalt aquiferg elsewhere, Typical upper values for Snake Plain basalt
range from 1,0 x 104 to 1.0 x 107 gal/day/ft (Walton and Steward, 1959; Mun-
dorff, Crosthwaite, and Kiiburn, 1964). Upper values for Columbia River
basalts are less well known, Data on permeabilities from Eddy (1969), when
recalculated as transmissibilities for conditions similar to Moscow basin,
indicate a value of 1.0 x 10® gal/day/ft, a figure that seems small for Moscow
basin, Foxworthy and Bryant (1967} report a coefficient of transmissibility of
3,2 x 109 gal/day/ft as determined by recovery methods for a well in Columbia
River basalt near The Dalles, Oregon. Specific capacity of the well indicated
a value of 1.0 x 10% gal/day/ft. Price (1961) reported a coefficient of transmissi-
bility of 3.7-4.0 x 105 gal/day/ft and a coefficient of storage of 2.0 x 104 for
a well in Columbia River basalt near Walla Walla, Washington.

In our studies of mathematical models of Moscow basin aquifers that are
discussed below, coefficients of transmissibility that produced results that
are closest to the actual perfcrmances of the real aquifers are:



Upper artesian zone 1.0 x 10° gal/day/ft
Middle artesian zone 1.0 x 108 gal/day/ft
Lower artesian zona 4.0 x 107 gal/day/ft

These values are all very large, but are within the upper range of indicated
values from specific capacity for the upper and middle artesian zones. The
value for the lower artesian zone is much higher than the specific capacity
value and is higher than any value we have seen reported in the literature
for basalt. The model aquifers assume that no recharge takes place; the
effect of actual recharge to the real aquifer would show up as values of
model aquifer constants that are higher than the real value,

Tablie 4, Coefficients of Transmissibility Estimated from Specific Capacities
of Wells, Upper Artesian Zorie, Moscow Basin, Idaho

Time Since Specific . Coefficient of
Pumping Began Capacity. . Transmissibility
Well Hours Minutes gal/ft ~ - =~ gal/day/ft

Upper artesian zone

University 2 0 15 420 1.0 x 106
Parker Farm 24 0 47 1.0 x lO5
City 2 D 10 300 2.0 x 102
City 2 8 09 135 4.0 x 10°
City 61/ 1 0 17 3,0 x 104
Middle artesian zorie

University 3 i 0 500 1.0 x 100
Lower artesian zone

City 6 2/ 0 10 il 2,0 x 104
City 6 3/ 0 10 53 1.0 x 10°
City 8 1 0 34 8.0 x 104

/ After deepening to 968 feet,
/7 Final depth to 1305 feet.

1 / Original well, 250 feet deep.
2

(%]

Relations of Coefficient of Transmissibility to Coefficient of Storage in the Lower
Artesian Aquifer

The expansion of the cone of influence of City Well 6 through 6000 feet to
City Well 8 in less than 2 minutes can be placed into a set of curves prepared by
Theis (1952}, The grgph shows that expansion at this rate will take place when the
ratio S/T = 2.5 x =i, Unfortunately, the data from the test do not permit the use
of the graph to determine S and T directly.
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However, the applicability of various values of S and T can be checked by
substitution into the ratio. Substitution of the "normal" range of coefficient
of storage for artesian aquifers results in:

S T
1.0 x 10-3 4,0 x 107
1,0 x 1075 4,0 x 10°

Substitution of the range of values of coefficient of storage reported for Columbia
River basalts results in:

S T
1.0 x 10~2 4,0 x 108
1,0 x 10-3 4.0 %10/

Substitution of the coefficient of transmissibility estimated from specific capacity
results in:

S T
2.3%x10°° 8.0 x 10%

Substitution of some of the coefficients of transmissibility reported from Columbia
River and Snake River basalts results in:

S T
2.5 x 1074 1.0 x 107
2.0 x 1079 4,0 x 10°
2.5 x10-7 1.0 x 104

The values S=1.0x 10"3 and T=4.0x 107 appear in two of these computations,
and are the values that produced results in the model aquifers that most closely

matched the actual performance of the real lower artesian zone. These values
seem to fit the lower artesian zone very well, but only under the condition that
no recharge takes place. The value of coefficient of transmissibility is higher
than any we have seen reported in the literature.
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MATHEMATICAL MODEL AQUIFER STUDIES

We designed mathematical models of the artesian aquifers of Moscow basin
for the purposes of:

1. Testing the hypotnesis that recharge to Moscow basin is very small
(Crosby and Chatters, 1965).

2. Predicting the depths to water in the year 2000 assuming that the aquifers
would continue to perform in the future as they did in the past.

3, Predicting the seasonal increase in water levels of the upper artesian zone
under artificial recharge.

Factors involved in mathematical model aquifer studies include size and shape
of aquifer, recharge, discharge, time, changes in water level, and the aquifer
constants (coefficient of transmissibility and coefficient of storage). Commonly,
model studies are used to predict future water level trends in aquifers of known
size and shape when recharge, discharge, and aquifer constants are known or can
be estimated reliably. In Moscow basin, size and shape of aquifers are fairly
well known, but reliable data are lacking on recharge and only partial data are
available on discharge and on aquifer constants, Our approach was to postulate
that no recharge takes place, then to assume a range of values of aquifer constants
and test the assumed values in models that were pumped at the same rates and
for the same lengths of time as the actual aquifers were pumped. We assumed
that models that most closely reproduced the actual drawdown of the real aquifer
have aquifer constants that are close to the values for the real aquifer. We then
used the best-fit values of aquifer constants to predict future drawdowns, to est-
imate water in storage, and to predict the effects of artificial recharge. .

We chose to study a no-recharge model because it should give results that
are reasonably close to those of a model that assumes recharge which is small
compared with pumpage. Previous investigators have suggested that recharge in
Moscow basin is less than pumpage; Crosby and Chatters (1965, p. 16) estimate
the recharge to be only one-tenth of the 1965 pumpage. Therefore, the no-recharge
model provides information on the probable performance of the aquifers under one
set of conditions that may apply to Moscow basin. Model aquifers that assume
recharge are much more complex than the no-recharge models; we have not attem-
pted any studies of models that include recharge.

A preliminary report has been published on the results of the no-recharge
model studies (Jones and Ross, 1969). The complete study and some revisions
of the results are given below. A preliminary study also has been published on
the artificial recharge studies (Jones, Ross, and Williams, 1968); however, this
study was completed prior to the pumping model study. New knowledge on the
aquifer constants that were obtained in the pumping model study require that we
revise our estimates of buildup of the piezometric surface under artificial recharge,
The revisions are given below,

Descriptions of Moscow Basin Model Aquifers

The three artesian zones of Moscow basin were generalized into two-dimen-
sional models by using the contact of the zone with the crystalline basement as
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the aquifer boundary (Fig. 9). Because the production from the upper artesian
zone comes largely from the upper portion of ilhe zone, elevation 2300 feet is
considered the average position of the boundary. Although current production
from the middle and lower artesian zones does come from the lower part of
each zone, we do not yet know enough about the zones to state that only the
lower parts are productive. Therefore, elevation of the contact of the middle
of each of these zones is used for the average position of the boundary: 1800
feet for the middle artesian zone and 1400 feet for the lower artesian zone.

The two-dimensional models were further generalized by treating the con-
tact with the crystalline basement as a barrier boundary and generalizing the
boundary as three straight lines intersecting at right angles. This model is
discussed by Ferris and others (1962, p. 156-159). The model differs from the
real aquifer in that the model has no western boundary. In a later section, we
will explain why it is not necessary to study a four boundary model of Moscow
basin.

To simplify calculations, all pumpage in the model of each zone was assigned
to a single central well which is equidistant from the north and south boundaries.
Distance of the central well from the east boundary depends on the positions
of the real wells in each zone., The central well is about midway between the
real well positions in the upper and lower artesian zones and is at the actual
position of the real well in the middle artesian zone. The image well arrays are
constructed for the central well and continue outwards to infinity, In many cal-
culations, image wells as much as several million feet from the central pumped
well were used.

Preliminary calculations indicated that little error was introduced by using
a single central well rather than using several pumping wells at the actual posi-
tions of the real wells. Use of a single well reduces the number of image wells
and the number of calculations needed, as well as the difficulties of interpreta-
ting the model. The models used are shown in Figure 9.

Calculations Used in Model Studies

We assumed a range of values of model aquifer constants that includes co-
efficients of transmissibility estimated from specific capacities of Moscow basin
wells (Tab. 4) and values of coefficients of transmissibility and coefficient of
storage that have been reported from basalt aquifers elsewhere. We tested the
values in model aquifers that were pumped for the same lengths of time and at
the same rates as the real aquifers had been pumped.

Average annual pumpage for each aquifer was recalculated as continuous
pumpage, in gallons per minute, of the single central well. Length of time of
the pumping periods was calculated in days.,

Using the modified nonequilibrium equation, the following were computed
for the end of each period of pumping:

1. Infinite-aquifer drawdown at a distance of 1 foot from the pumped well
(time-drawdown equation};

2. Slope of the cone of influence (A s; distance-drawdown equation); -
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3. Radius of the cone of influence (ro ). A sample calculation is shown
in Table 5.

Theory of image wells shows that the effects of barrier boundaries will be
the equivalent of the sum cf the additicnal drawdowns caused by the interfer-
ence of every pumping image well within the distance ry at the end of the
pumping period. The theoretical drawdown of the central well at the end of
the pumping period is the drawdowrn of the central well itself, computed as
though it were in an infinite aquifer, plus the sum of the drawdowns in the
central well caused by intarference from the image wells, well losses being
neglected.

The amount of interference caused by each image well was computed
from a plot of depth to water-depth to the cone of influence--against log of
distance from the central well. On semilog paper, a cone of influence plots
as a straight line that has its origin at ry and has a slope of A s per log
cycle. When positions of the image wells with respect to the central well
are plotted, the graph shows the drawdown in each image well caused by pump-
ing of the central welil. Each image well has the same effect on the central
well as the central well has on each image well; therefore, the drawdown
caused in the image well by the central well is the same as the drawdown
caused in the centrai well by the image well., A sample plotis shown in Figure
11.

In all three model aquifers, image well drawdowns were calculated only
for the north half of line 1 (Fig. 9; the line that passes through the central
well), Differences between the effects of the image wells on line 1 and the
effects of the corresponding wells on line 2 (Fig. 9; the line east of the east
barrier boundary) are so small that they can be neglected, especially for
wells more than 1.0 x 10® feet from the central well., Accordingly, the model
may be considered to consist of 4 half-lines of image wells, all of which
have the same effect on the central well, plus the prime image well on line 2
directly east of the central well, plus the central well itself, Total draw-
down at the end of the pumping pericd is the sum of the effect of the north
half of iine 1 multiplied by 4 plus the drawdowns of the prime image well and
the central well.

Drawdowns_of individual image wellis were computed only for the wells
within 1.0 x 10° feet of the central well, Beyond this distance, differences
between drawdowns of the individual wells in each log cycle of distance are
small. Computations were shortened by taking the average drawdown over
each log cycle of distance and multiplying it by the number of image wells
in the log cycle. Some of the log cycles contain as many as 50 image wells;
therefore the procedure saved considerable time. In some computations, draw-
downs were computed as the average drawdowns over one-tenth of a log cycle.
Image well effects were computed out to distance rn except that the last part-
ial log cycle commonly was omitted when the effect of the wells in the interval
would be very smail,

Use of Model Aquifer Data to Predict Drawdown or Buildup of Real Aquifers

The equations used in the calculations (Tab. 5} show that, in a series of
model studies that use the same length of time and the same pumping rate, the
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time-drawdown of the central well is related to:

log in T:S

T
L

and the distance to the edge of the cone of influence is related to:

v/ T:s

In our computations, more than one set of values of T and S produced model
drawdowns that matched real aquifer drawdowns during the same pumping period.
The results of the computations probably depend more on the ratio T:S than

they do the actual values «f T and S. Assuming that the aquifer will continue

to perform in the future as it has in the past, any set of values of T and S that
produced the same drawdown in the model aquifer as in the real aquifer can be
used to predict future drawdowns in the real aquifer,

The values of aquifer constants obtained from the model studies were used
to predict the water levels in the three artesian zones at the year 2000 at a
pumping rate that would meet the anticipated demands. Total water in usable
storage as of 1965 was estimated from model studies in which pumping rates
were increased until the water levels were drawn down to critical depths.
Critical depth was defined as the depth at which dewatering of the aquifer is
about to begin and was calculated as depth to the top of the producing zone
minus an allowance for well loss, interference between wells and intermittent
pumping of wells. The water in storage was calculated by multiplying the
pumping rate by the time necessary to bring the water level down to the cri-
tical depth.

Mathematical models were also used to predict the buildup of piezometric
surface that would resuit from artificial recharge of the upper artesian zone,
Values of aquifer constants for the pumping model studies of the upper artesian
zone that produced the closest match of reai aquifer drawdown were used in
the computations as well as other values of aquifer constants that include co-
efficient of transmissibility estimated from specific capacities of wells and co-
efficients of storage selected from the "normal” range for artesian aquifers,
The models were used to predict buildup at the City Pumping Plant at the end
of artificially recharging for i00 days at the rates of 1000 and 2000 gallons per
minute.

Pumping of the Upper Artesian Zone

The longest period of record of pumpage and water levels is for the upper
artesian zone. In 1948, the City of Moscow began to keep daily records of water
pumped and of static and pumping water levels, The University of Idaho began
to keep similar records in 1954, A few data are available prior to 1948, Detail-
ed hydrographs of the City and University wells in the upper artesian zone are
shown in Figure 17; the hydrograph of an observation well (7ddl) is shown in
Figure 15; a generalized hydrograph of water levels in the upper artesian zone
in the vicinity of the City Pumping Plant is shown in Figure 12, Data are on
file with the Idaho Bureau of Mines and Geology.

In Figure 12, the generalized, composite hydrograph has been smoothed
into straight-line segments and pliotted against the logarithm of time. The plot
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Figure 11, Sample data plot for mathematical model aquifer study, Moscow basin, Idaho.

Data shown are for the upper artesian zone, 1949-1960, with oommm%wma of
storage of 1.0 x 1074 and coefficient of transmissibility of 1,0 x 10° gal/day/ft.
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Table 5. Sample Computation for Mathematical Model Aquifer Studv, Moscow Basin, Idaho

The sample is for the upper artesian zone.

Well or Average
No. of Drawdown
Wells in over Draw-
Computation: Interval r Interval down
Predicted drawdown, 1949-1960, 2 2 .0xl104 0.70
» 6 4 4.0 0,53
Using S=1,0x10 and T=1.0x10 6 6.0 0,43
8 8.0 0.36
10 10,0 0.30
(5) 1,0-2.0x10°  0.22 1,10
(5) 2.0-3.0 0.09 0.45
(5) 3,0-4.0
(5) 4,0-5.0
(5) 5.0-6.0
(5) 600’-700
{5) 7.0-8,0
(5) 8.0-9.0
(5) 9,0-10.0
Eso; 1,0-2,0 x10°
50 2.0-3.0
(50) 3.0-4.0
(50) 4.0-5.0
(50) 5.0-6.0
Data:
T=1.0x106 S =1.0x10"2
t=4.4x%103 Q = 1060 gpm.
Time-Drawdown for Central Well:
s =264Q (109 ;4 0,3T¢
T (1og 10 TZ—S_) Total, north half line 1 3.87
3 x4
= 264x 1060 (log ;5 0.3 x 1.0 x 10° x 4.4 x 109)
1.0 x 106 1x1.0x 1074 Total, four half lines 15.48
= 3,12 Prime
Image 1.7 x 104 0.74
Distance—-Drawdown of Image Wells: Central Well 3.12
A s=5280 = 528 x1060 =10.56
T 1,0 x 100 Total for Model 19.34
Depth to Water at Start 23,27
Distance to Edge of Cone of Influence; Depth to Water at End 42,61
rg =/0.3Tt___ = /0.3x 1,0 x 106 x 4.4 x 103
S 1.0 x 10-2

=3.,63 x 10°
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shows three periods of more-or-less constant rate of decline of water levels:
1895-1925, 1925-1949, and 1949-1960. The changes in rate seem to be related
to major improvements in the City of Moscow water system, such as the dril-
ling of City Well 3 in the late 1920's and the installation of large-diameter
mains in the late 1940's. It should be noted ihat this composite drawdown

is based on water levels in several wells that mutually interfere with each
other,

Drawdown data used in model aquifer calculations were picked from Figure
12 and are:
Drawdowrn in Feet

Time Interval Increment Total
1895-1925 45 -=

1925-1949 40 85
1949-1960 40 125

The model aquifer of the upper artesian zone was studied for each of the three
periods., Pumping data for 1949-1960 are largely from actual records; data for
1925-1949 and 1895-1325 were deduced from indirect evidence, such as sales
of water,

Pumping and Water Level Data, 1895-1960

Records of annual pumpage for the City of Moscow and the University of
Idaho for 1955-1960 are shown on Table 6a. During this period, University
pumpage averaged 38 percent of City pumpage. Records of annual pumpage
for the City of Moscow for 1948-1954 are shown on Table 6b. Pumpage for the
University of idaho shown on Table 6b was computed at 38 percent of City
pumpage., Average annual total pumpage for the period 1948-1960 is 552,136,000
gallons., This is the equivalent of a single well pumping 1060 gallons per min-
ute continuously for one year.

Records of sales of water by the City of Moscow for 1948 through 1957 are
shown on Table 6a and b. Records of sales were furnished by the Moscow City
Clerk. Computations on the relations of sales to City pumpage, shown on Table 7a,
show that for 1948 through 1957, gallons pumped equals sales in dollars divided
by the intermediate water rate of $0.22 per thousand gallons. Table 7b shows
pumpage for 1940 through 1947 calculated by dividing annual sales in dollars by
the then prevailing intermediate rate of $0.15 per thousand gallons., Data are not
available on sales prior to 1940. The years 1940 through 1945 were selected as
base years for the 1925-1949 period, and the average annual pumpage as calcu-
lated from 1940-1945 sales of water is used as the average annual pumpage of the
entire period. The pumpage is 310,104,000 gallons, which is the equivalent of
a single well pumping 590 gallons p&r minute continuously for a year, Water-level
measurements taken in City Well I and in the observation well (7ddl) at irregular
intervals are available over most of the period.

Prior to 1929, few data are available. ILaney and others (1923, p. 11) compu-
ted the 1923 pumpage at 230,000,000 galions based on 12 times the Agust, 1923,
consumption of water by the City of Moscow (15 miilion gallons, including an
allowance for leakagej. We believe this figure is too large because August con-
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sumption is at a much higher rate than the average annual consumption. Dur-
ing the period 1955-1959, August pumpage for the City of Moscow averaged 11}
percent of average annual pumpage, rather than the 8 percent assumed by Laney
and others., Recalculation using the 113 percent figure indicates that the annual
pumpage of the City of Moscow in 1923 was 130,000,000 gallons. Adding the
1919 pumpage for University of Idaho (Laney and others,, 1923, p. 11), the total
is 152,000,000 gallons. This is the equivalent of a single well pumping 290
gallons per minute for one year. Only two water levels were reported during
this period for City Welil 1; these two levels were "close to the surface" in
1895, and 44 feet from the surface in 1923 (Laney and others, op, cit., p. 6).

Table 6. Water Pumped from the Upper Artesian Zone, 1948-1960

a. 1955~ 1960; data from flow meters on both City and University wells,

Pumpage, Millions of Gallons City Sales

Year City University Total Dollars Gals./Dol.
1960 334,6 153.8 488.4

1959 432.2 178.9 602.1

1958 372,0 190.0 562.0

1957 353,2 19i.2 548.4 95,100 4,150
1956 298.7 143.3 442 .0 89,100 4,380
1955 530,9 159.8 690.7 77,700 6,410

b, 1948-1954;: data from flow meters on City wells and estlmated for University
wells by UnlverS1ty Pumpage = 0.38 City Pumpage.

Pumpage, Miilions of Gallons City Sales

Year City University Total Dollars Gals./Dol.
1954 398.6 150.0 548 .6 82,000 4,580
1953 390,5 147.0 537.5 83,600 4,390
1952 383.,3 145.0 528.3 83,500 4,350
1951 410.5 155.0 565.0 111,800 3,450
1950 436,9 165.0 620.9 82,800 4,350
1949 474 .6 179.0 653.6 84,000 4,350
1948 350.0 132.0 482 .0

Model Aquifer Drawdown, 1896-1960

We ran two sets of drawdown computations for the upper artesian zone for the
period 1896-1960. In the first set, we tested a broad range of various combinations
of possible values of T and S to see which ones resulted in model aquifer draw-
downs that most closely approached the real aquifer drawdowns for each of the
three periods of approximately equal rate of water-level decline. In the second
series of computations, we held T constant at one of the values that produced
matching resulits in the first series of computations and varied S through small in-
tervals until we obtained a value of model aquifer grawdown that most closely
approached the real aguifer drawdown during each of the three pumping periods.
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Table 7. Water Pumped from the Upper Artesian zone, 1940~ 1947

a. Computations for estimating City pumpage from City Sales
Average sales in dollars, 1948-1957 (From Tab. 6)

4,490 gallons/dollar
$0.22 dollars/thousand gallons

Water Rates

Cost per Thousand

Gallons
1948 1895
1957 1947
$0.30 $0.20 4,000 to 10,000 gallons per month
0.22 0.15 10,000 to 20,000 gallons per month
0.16 0.12 over 20,000 gallons per month

Relation of Pumpage to Sales

Pumpage 1948--1957 = Dollars sold
0.22

Pumpage 1940-1947 = Dollars sold
0.15

b. Estimated Pumpage; City from Dollars Sold/0.15; University from 0,38 of
City Pumpage

City University Total

Dollars Millions Millions Millions

Year Sold of gals., of gals, of gals,
1947 48,678 324.5 122.5 447.0
1946 4],545 277 .0 104.5 381.5
1945 35,065 233.8 88.2 322.0
1944 34,712 231.4 87.3 318.7
1943 31,708 211.4 79.8 291.2
1942 35,1058 234.0 88.3 322.3
1941 34,953 233.,2 87.6 320.8

1940 38,242 254.9 96.2 351.1
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Table 8. Results of Studies of Models of Upper Artesian Zone Using Different
Values of Model Aquifer Constants, 1896-1960.

A. TFirst series of computations: Determining values of model drawdowns for
each of the three pumping periods using a range of probable values of T
and S,

1949-1960; actual increment of drawdown over period, 40 feet;
cumulative drawdown at end of period, 125 feet.

Drawdown Increment
Cumulative Drawdown

T
qgal /day/it S =1.0 x10-2 2.3 x 1073 1.0 x 1073 1.0 x 1074
19,34 40.78 58.21 119.75
1.0 x 10° 22.61 92.56 197.95 337.71
4.0 x 10° 33,30 64.60 127.39 293,30
67.03 141,78 221.64 667.52
2.0 x 10° 50.4 100,1
106.7 208.3
1925-1949; actual imcrement of drawdown over period, 40 feet; cu-
mulative drawdown at end of period, 85 feet,
Drawdown Increment
Cumulative Drawdown
! 3 3 1
gal/day/ft S =1,0x10"2 2.3 x10° 1.0 x 10~ 1.0 x 10
1.0 x 106 15.00 30.07 45,79 140,49
23,27 51,78 70.73 217.96
4,0 x 105 25.06 47.98 88.57 250.41
33.73 77.18 127.39 374.22
2.0 x 10° 36.1 67.5
56.3 108.2
1896-1925"' actual increment of drawdown over period, 45 feet.
Drawdown Increment
gal/day/ft S =1.0 x 10-2 2.3 x1073 1.0 x 1073 1.0 x 10”
1.0 x 106 - 8.27 21,71 24,94 77,47
4,0 x 105 8.67 29,20 38.82 123.81

2.0 x 10° 20.2 40,7 55.3 166.1



Table 8. (continued)

B. Second series of computations: Determining value of S that results in
model drawdowns that are clasest to actual drawdown for each period
when T =1,0 x 106 gal/day/ft.

1949-1960, actual increment of drawdown, 40 feet,

S Drawdcwn
2.3 x10-3 40,78

1925-1949, actual increment of drawdown, 40 feet,

S Drawdown
1.4 x 103 36,66
1.3 x 10-23 39,14
1,2 x 10-3 41,00

1896-1925, actual increment of drawdown, 45 feet,

S Drawdown
4.0 x10°3 " 30,12
3,0x10-4 44,18

2.0x10-4 51,52
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In the first series of computations, tne values used are:

Coefficient of Transmissibility

1.0 x 106 Specific capacity of University well 2
4,0 % 10° Specific capacity of City well 3
2.0 x 10° Specific capacity of City well 2

Coefficient of Storage

1.0 x jo=2 Maximum value reported for Columbia
River Basalt

2.3 x10°+ Average value reported for Columbia
River Basalt

1.0 x 19-3 Minimum value reported for Columbia
River Basalt

1,0 x 1074 Middie of reported "normal" range for
artesian aquifers

Results of the first series of computations are shown in Figure 13 and Table 8a.
Figure 13 shows that no one set of values of T arnd S reproduced the actual draw-
down over the entire pumping period. Tabile 8a shows that certain sets of values
of T and S did reproduce the actual drawdown during one part of the pumping
period, but these same values did not reproduce the actual drawdown in any
other part of the pumping period.

For the period 1949-1960, real and model drawdowns match when T =1.0 x
10° gal/day/ft and S = 2.3 x 10™ 3: a match would alse be obtained for T = 4,0 x
105 gal/day/ft if S were somewhat less than 1,0 x 10”2 and for T=2.0 x 105
gal/day/ft if S were somewhat greater than 1.0 x 10-2 : however, 1.0 x 102
seems much too large a value of S to be able to occur in an artesian aquifer,

For tha pericd 1925-1949, none of the values used produces an exact
match, Matches would be obtained for T = 1,0 X, 10 gal/day/ft when S is
slightly greater than 1.0 x 103, for T = 4. ;1 % 10° gal/day/ft when S is somewhat
great than 2. 3 x 107 3, and for T =2,0 x i0° gal/day/ft when S is somewhat smaller
than 1.0 x 10~2

For the period 1896-1925, none of the values used produced an exact match.
Matches would be obtamed for T ]l 0 x ]ld@ gal/day/ft when S is significantly
smaller than 1.0 )§1 for T. =4,0 x M) gal/day/ft when S is somewhat smal-
ler than 1.0 x 10-3, and for T = 2 ,0 x10° gal/day,’ft when S is somewhat smaller
than 2,3 x 10-3,

The results of the first series of computations show that more than one set
of combinations of T and S can produce model drawdown values that match real
aquifer drawdowns, and that combinations ¢f T and S that will produce matching
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values in any one period will not produce matching values in any other period.
In general, for any one value of T, the value of S that will result in matching
real and model drawdowns increases substantially in each successive period,

In our second series of calculations, we determined more exactly the pro-
bable matching values of Swhen T =1.,0 x 106 gal/day/ft. The results, given
in Table 8b, show an increase in value of S of about an order of magnitude
since 1896,

These changes with time in model aquifer constants indicate that some of
the assumptions on which the model aquifer studies are based may not be
valid. Possible reasons are:

1. The aquifer constants of the real aquifers have changed with time
and with pumpage.,

2, The real aquifer has received significant amounts of recharge.

3., Some combination of both of the above., Evaluation of these reasons
is deferred to a later section.

Predicted Drawdown, 1965-2000

Because water from the public-supply wells in the upper artesian zone con-
tains very large amounts of iron, the City of Moscow and the University of
Idaho have avoided pumping from the upper artesian zone since 1965 except in
emergencies or during high-demand periods in the summer. Several irrigation
and industrial wells and numercus domestic wells still utilize the zone, but
demands are much smaller than they were when the zone supplied most of the
water used in Moscow basin., We do not know the future demands of the upper
artesian zone; therefore, we did not attempt to compute a year 2000 water level
based on anticipated demand.

We did compute the water remaining in storage as of 1965. Using the coef-
ficient of storage from specific capacity of University Well 2 (T =1.0 x 106 gal/
day/ft) and the best-fit model value of S for 1949-1960 (S =2.,3 x 10'3), we
computed that the upper artesian zone would yield about 262 .8 million gallons
a year, or 500 gpm, until the year 2000. At that time, depth to water would be
about 150 feet, which is about 25 feet above the top of the producing zone in
City Wells 2 and 3, and about 15 feet above the critical depth of 165 feet, Total
water in usable storage is 35 years times 262 .8 million gallons, or 9.2 billion
gallons. This figure is considerably lower than the amount reported earlier
(Jones and Ross, 1969, p. 82) owing to a mistake in the original calculations.

This figure on the amount of water in storage is based on the assumption
that no recharge takes place and that coefficient of storage will not increase
again., Discussion of these assumptions is postponed to a later section.

Pumping of the Middle Artesian Zone

Pumpage and Water Level Data, 1964-1968

Since University Well 3 went into service, daily records have been kept of
pumpage as shown by a recording meter and of static and pumping water levels
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Figure 13. Comparison of actual drawdown in upper artesian zone, Moscow basin,
Idaho (heavy line), with drawdowns predicted from model aquifer studies.

a. Model value of Coefficient of Transmissibility (T) = 1.0 x 106 gal/day/ft.
Coefficients of Storage (8) as shown.
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Figure 13 (cont.) Comparison of actual drawdown in upper artesian zone, Moscow basin,
Idaho (heavy line), with drawdowns predicted from model aquifer studies.

b. Madel value of Coefficient of Transmissibility (T) = 4.0 x 105 gal/gsy/ft.
For S = 1.0 x 104, depth to water is 374 feet in 1949 and 667 feet in
1960 and cannot be shown on the drawing at the scale used.



1900 1910 1920 1930 1940 1950 1960

| 1 | T | | |
— O
.
(]
—i 100 2
o] -
sl
o
[&]
[34]
U
~
— 150 -
o
[
3]
—t
g
—i
V]
- 200 e
-
[\]
4
3]
=
o]
4+
N=
F- — 250 B
[ ]
[

— -1 300

350

| L L | L L]

Figure 13 (cont.) Comparison of actual drawdowns in upper artesian zone, Moscow basin,
Idaho (heavy line), with drawdowns predicted from model aquifer studies.

c. Model value of Coefficient of Tramsmissibility (T) = 2.0 x 105 gal/day/ft.
Computations for S = 1.0 x 10-3 and 1.0 x 10™% were not carried past 1925
because they obviously would be very much below actual drawdowns.
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taken by airline. University Well 3 also was a project observation well; a
recording gage was installed on it for a short time and periodic tape measure-
mentis of static water level were taken after the well went into service. The
detailed hydrograph is shown on tigure 17; data on water leveis and on pump-
age are on file with the Idaho Bureau of Mines and Geology. Sokol {1966, p.
13-19) discussed the short=terim water level fluctuations in University Well 3,

The model of the middle artesian zone (Fig. 3) was tested for the period
of record, 1964-1968. The record of water level] fluctuations indicates a de-
cline of water levels of 8 feet for the period 1364-1966 and of 10 feet by
the end of 1968, Pumpage averaged 164 million gallons a year, or 312 gallons
a minute,

Using 1.9 x 106 gal/day/ft, the value of coefficient of transmissibility
determined from specific capacity data and coefficient of storage assumed to
be the middie value (1.0 x 1077 of the "normal' artesian range of Ferris and
others (1962, p. 76) the 1966 and 1968 predicted water levels are 288 and 301
feet, much lower than the actual water levels of 258 and 260 feet, Predicted
water levels are 259 and 26l feet, almost the same as actual water levels,
when the coefficient of storage is assumed to be the reported average value
(2.3 x 10-%) of Columbia River Basalts,

Because of the cioseness of agreement of predicted and actual water levelg .
we believe that the model values of T = 1,0 x 10© gal/day/ft and S =2.3 x 10~
are at least in the same ratio as the actual values of T and S for the real mid-
dle artesian zone, Because the value of T is the same as the value derived
from specific capacity for the real quifer, we believe that these figures are very
close to the actual values of the real aquifer, The aquifer has not been pumped
long enough for any change in coefficien: of storage to become evident,

Predicted Drawdown, i964-2020

The average pumpage for the University of Idaho from 1964 to 2000 probably
- will be about 300 million gallons per year, or about 570 gallons per minute.

The predictied year 2000 water level is 305 feet in a model that uses the
best-fit values of coefficient of transmlssmlhty and coeificient of storage
(T =1.0 x 106 gal/day/ft; S =2.3 x 1073}, In a model that&lses the middle
of the "normal artesian" range as the vahu_ for S (1.0 x 1072}, the water level
is about 470 feet when T = (.0 x 1005 gal/day/ft.

To allow for unexpected increased pumpage from the middle artesian zone,
‘we also predicted year 2000 water levels at a pumping rate of 1.3 billion gal-
lons a year, or 2500 gpm. The year 2000 water level is 506 feet ina model
that uses the best-fit values of T and S.

Total water in usable storage was computed for the best-fit values of T
and S at 2 pumping rate of 1,576 billion gallons a year, or 3000 gpm. In the
year 2020, the water level would be 61¢ feet and in 2025 648 feet, Critical
depth in Ur niversity Well 3 is 630 feet. Total water in usable storage was
computed on the basis of the 2020 water level as 55 years times 1,576 billion
gallons per year, or 86.7 billion galions, The figure on water in storage is
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based on the assumptions that no recharge takes place and that coefficient of
storage will not change, These assumptions will be discussed in a later
section,

Pumping of the Lower Artesian Zone

Pumpage and Water Level Data, 1960-1963

Since City Wells 6 and 8 went into service, daily records have been kept
of pumpage as shown by non-recording meters and of static and pumping water
levels as taken by airline, In addition, a few water-level measurements have
been taken by steel tape or electric scunder and a recording water~level gage
was operated for a short time on City Well 8, The detailed hydrographs of
City Wells 6 and 8 are shown on Figure 17: data on water-level measurements
and pumpage are on file with the {daho Bureau of Mines and Geology. Sokol
(1966, p. 23-24) discussed the short-term water level fluctuations of City
Well 8,

Model Aquifer Drawdown , 1965-1968

The model of the lower artesian zone (Fig, 9) was tested for the period of
record, 1965-1968. The water-isvel fluctuaticns in City Well 8 (Fig. 17) indi-
cate a decline of about 12 feet over the period. Data for City Well 8 were used
in the model because the real position of City Well 8 is very close to the posi-
tion of the central well of the model. Pumpage from the lower artesian zone
during 1965-1968 averaged 490 millicn gallons a year, or 930 gpm.

When the value of ccefficient of transmissibility obtained from specific
capacity (8.0 x 104 gal/day/ft) is used in the model, predicted water levels
are very much below actual water levels even when coefficient of storage is
very large, When 1,0 % 10~2 (maximum reperted value of S for Columbia River
basalts) is uszsd, the predicted 1368 water level is 388 feet compared to the
actual 1968 water level of 320 feet, When 2.3 x 19~ (average reported value
for S for Columbia River basalts) is usad, the predicted 1968 water level is
720 feet., We did rot predict the 1968 water level with the value of S that was
obtained by using the specific capacity value of T in the ratio S:T =2 .5 x 107
that was obtained from the pumping test »f March 29-31, 1965 (see p. 31). The
value of S was very low, 2.5 x 107°, and cbviously would result in water levels
very far below the actual level.

If the sp=cific capacity cosefficient of transmissibility is ignored, and
various reasonable values of coefficient cﬁ storage for Columbia River basalts
are substituted in the ratio S:T = 2.5 107+ , very high values of T are obtained.
However, scme of them are in the rangs of values reported for Snake Plains
basalt, When the reported minimum value of S for Columbia River basalts
(1,0 x 10~3) is used, T is very high--4.0 x 107 gal/day/ft--but still is compati-
ble with values that have been reported from pumping tests in Snake Plains ba-
salts. Use of these values in the model aquifer yields a predicted 1968 water
level of 319 feet, almost exactly the same as the actual water level in the real

aquifeéra When the reported average value of S for Columbja River basalts (2,3
x 10 ~°) is used inthe ratio, T becomes 9.2 x 10/ gal/day/ft. Use of these

values in the model viealds a predicted 1968 water level of 313 feet, only slight-
ly higher than the actual water level, When the reported maximum value of S
Columbia River basalt (1,0 x 10-2) is used in the ratio, T becomes 4.0 x 10
gal/day/ft--a value that is unrealistically kigh: the predicted 1968 water level
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is only 1 foot below the initial 1964 water level.

We interpret these results to indicate the model values of T=4.0 x 107
gal/day/ft and S = 1.0 x 10~2 are at least in the same ratio as the actual values
of T and S for the real lower artesian zone and are realistic, although very large,
values. The specific capacity value of T is too low; any computations based
on it would produce results less than the minimum probable performance of the
aquifer. The other model values of T are too large to be realisitc, although their
ratio to S may be similar to the actual ratio for the real aquifer.

Predicted Drawdown, 1965-2000

The predicted average pumpage for the City of Moscow from 1965 to 2000 is
1130 million galilons a year, or 2159 gallons per minute. We predicted the year
2000 water levels in City Well 8 for the three most probable model values of
coefficient of storage and coefficient of transmissibility:

T S Depth to
gal/day/ft Water, ft
9,2 x 197 2.3 x 1073 343
4,0 x 107 1,0 x 1073 391
8.0 x 10% 1.0 x 1072 894

We believe that these are the probabie range of values for drawdown and be-
lieve that the 391 foot level is the best value because of the close agreement of
1968 predicted and actual water levels when these aquifer constants were used.
It should be noted that the best-fit model values are based on pumping test data.

Total water in usablie storage was computed with two sets of aquifer constants,
With the best-fit model values (T = 4.0 x 107 gal/day/ft and S = 1.0 x 10 "3) s
pumping the central well of the model aquifer at the rate of 10,6 billion gallons
per yvear, or 20,000 gallons per minute (almost 10 times the anticipated rate), re-
sults in a year 2000 predicted water level of 1085 feet, somewhat below the criti-
cal depth of 1020 feet for City Well 8. With the same set of factors, the year
1990 predicted water level is 928 feet, nearly 100 feet above the critical depth.
Rather than recalculating until we found the exact year at which the water level
would be at the critical depth, we decided to compute water in usable storage on
the basis of the 1990 water level. The water in usable storage is 25 years times
10.6 billion galloens, or about 262, 8 billion gallons, We consider this to be the
optimum estimate of water in usable storage in the lower artesian aquifer; the
figure utilizies pumping-test data for coefficient of transmissibility.

We also estimated the amount of water in storage using the specific capacity
value of coefficient of transmissibility (8.0 x 104 gal/day/ft and the maximum
value of ccefficient of storage for Columbia River basalt (1,0 x 1074), We be-
lieve that these results are considerably below those to be expected from the
lower artesian zone, but we also believe that the computations should be run
because the coefficient of transmissibility is based on actual data. If the lower
artesian zone is pumped at the average expected 1965-2000 demand (1.130 billion
gallons a year or 2150 gallons per minute), depth to water would be 906 feet in
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the year 2000 when T = 8,0 x 104 gal/day/ft and S =1.0 x 102, This water
level is over 100 feet above the critical depth of 1020 feet for City Well 8.
The amount of water in usable storage in this model is 35 years times 1.130
billion gallons, or 39,6 billion galions--the expected demand by the year
2000. We believe that these figures, which use the least likely data, should
be kept in mind although it is unlikely that they are realistic. Both of these
figures are based on the assumption that no recharge takes place and that co-
efficient of storage will not change. These assumptions will be discussed in
a later section.

Relations of the Model Aquifers to the Real Aquifers

The model aquifers have the same boundaries on the north, east and south as
the real aquifers and were pumped for the same lengths of time and at the same
rates as the real aquifers., They differ from the real aquifers in that the model
aquifer calculations are based on continuous pumpage for one nearly centrally
located well and that the western boundary is undefined. In the real aquifers,
pumpage is intermittant and is from several wells located relatively near to
each other; furthermore, some sort of a westem boundary exists somewhere.
Other properties of the model aquifers which may not be the same as those of
the real aquifers are the absence of recharge and the values of the aquifer con-
stants,

The model studies of the upper artesian zone show that more than one set of
model values of coefficient of transmissibility and coefficient of storage can pro-
duce drawdowns that are similar to the drawdowns of the real aquifers. We have
assumed that predictions of future drawdowns in an aquifer can be made with any
set of values that reproduced real aquifer drawdown. We chose to use values
that are compatible with available field evidence. In the upper and middle arte-
sian zines, real aquifer drawdown was duplicated in models that used values of
T estimated from specific capacities of wells. In the lower artesian zone, the
specific capacity value of T did not reproduce real aquifer drawdown for any
reasonable value of S. A value of T derived from therate of spread of the cone
of depression in the lower artesian zone did reproduce real aquifer drawdown.

The model aquifer studies of the upper artesian zone showed that any one
set of values of model aquifer constants that reproduced real aquifer drawdown
during any one of the three periods of equal rate of decline of piezometric sur-
face would not reproduce real aquifer drawdown in any other of the periods.
These differences can be caused by a change of aquifer constants with time,
or by recharge taking place, or by both. Absence of a western boundary in the
model aquifer does not affect our interpretations.

Changes of Coefficient of Transmissibility with Time

Commonly, a screened or perforated well in unconsolidated sediments may
chow a small to moderate increase in coefficient of transmissibility during the
early life of the well. Pumping of the well increases the permeability of the
aquifer in the vicinity of the screen, resulting in an apparent increase in T,
Apparent T may also decline in the later life of such a well if the screen open-
ings or perforations become clogged. Some of the wells in the upper artesian
zone (City Well 3 and University Well 2) are in unconsolidated sands.
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The data on Table 8 suggest an increase in T of about an order of magnitude
in 60 years, assuming that S remains constant. We know of no reference to such
a large increase in T in the literature and doubt that it could happen. If on the

other hand, we assume that T has remained constant at the specific capacity
value of 1,0 x 10°P gal/day/ft, the best-fit values of coefficient of storage on

Table 8 indicaie an increase of about an order of magnitude.

Changes of Coefficient of Storage with Time

Theory of ground water storage has been discussed in a series of papers
by Jacob (for a summary, see Ferris and others, 1962, p. 74-91). In an arte-
sian aquifer, water is stored by the compression of water caused by the hydro-
static head in the aquifer and by the expansion of the skeletal framework of the
aquifer as water is forced into the interstices of the framework--again by the
hydrostatic head. The expansion of the aquifer during and after saturation de-
flects the overlying materials upwards, if both the aquifer and the overlying
materials are sufficiently elastic, When the hydrostatic head is reduced--as
by pumping a well, for instance--water will expand and water be will forced
out of the interstices as the skaletal framework of the aquifer contracts under
the load of the overlying materials. In several places in the United States,
subsidence of land surface has been related to contraction of underlying arte-
sian aquifers in which the hydrostatic head has been reduced by heavy pumpage
(Poland, J.F. and Danes, G.D., 1956; Winslow, A,G. and Doyel, W,W., 1954).

Jacob (1940) noted that a time lag would be present between the time that
hydrostatic pressure is reduced and the time that the water actually would be .
forced out of the interstices, particularly if finer-grained materials such as
clay and shale are included in the aquifer system, Jacob did not attempt to
evaluate the time lag or the amount of change of S because of the difficulty of
the mathematical analysis necessary. Taylor (1948) presents the solution to the
one-dimensional flow equation which predicts the rate of consolidation of an
aquifer as a function of the rate of water removal. Domenico and Mifflin (1965)
have elaborated on this process.

We have seen only a few references in the literature to magnitudes of
changes of S with time. Mundorff and others (1964) reported increases in S of as
much as two orders of magnitude during the first few days of pumping tests in ba-
salts in the Mud Lake area of the Snake River Plain. They explain the increase
as the result of slow draining of moderately porous but slightly permeable mater-
ials. Although the changes are similar to those indicated by the models of
Moscow basin, they take place over a few days in a system in which water occurs
under complex water table conditions, We do not know if the examples from the
basalts of the Snake River Plain can be applied to the Columbia River basalts
of Moscow basin. However, they do demonstrate that changes in S with extended
pumpage are not unique to Moscow basin,

The artesian aquifers of Moscow basin have heterogeneous lithologies, and
both the basalts and the sedimentary rocks contain large volumes of low-permea-
bility materials., The silty portions of the sedimentary rocks probably have high
porosity and could yield large volumes of water over long periods of time. How-
ever, the artesian aquifers are very rigid; Sokol (1966) computed barometric ef-
ficiencies of about 90 percent for each of the three artesian zones, High baro-
metric efficiencies indicate rigid agquifers. Also, we do not know of any evidence
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of subsidence of land surface in Moscow basin such as would be expected in
an area where an elastic aquifer has been heavily pumped.

Predictions of future drawdowns are _based on the 1965 best-fit values of
model coefhcmm o? storage, 2.3 x 107~ for the upper and middle artesian
zones and 1.0 x | for the lower artesian zone., If conditions of ground water
storage are the same in all three zones--which seems a reasonable assumption
in view of the similarities of the iithclogies of the rocks of the three zones--
‘t might be expected that the initial values of S should be the same for each
zone, The best-fit initial valus of S for the upper artesian zone is 3.0 x 10-4
when the pumpmg rate is 290 gpm. The much higher value for the lower arte-
sian zone, 1.0 x 19-2, might have some relaticn to the much higher initial
pumping rate of 920 gpm. However, relations of S to pumping rate are un-
clear in that the initlal pumping rate of the m1dd ¢ artesian zone was only 312
gpm, but the initial value of S is 2.3 x 1072 . The long~term development of
the upper artesian zone might have influenced the conditions of ground-water
storage in the deeper aquifers, but this process also is obscure.

In view of the apparent change of coefficient of storage with time in the
upper artesian zone, use of 1965 model data to make prediction of future draw-
downs has some hazards., The modzsl S increased with time to values consider-
ably higher than those considersd “normal” for artesian aquifers; how much
higher the values could go is unknown., Further increase might be possible;
on the other hand, decrease is possible if water is being derived from slow drain-
age of low-permeability materials which are becoming depleted.

Effect of Recharge on Real Aquifer Drawdown

In the theoretical development of the nonequilibrium equation, Theis (1935)
assumed that all water is derived from storage, that no recharge takes place,
and that the aquifer is infinite. Under these conditions, the cone of depression
would never cease to expand outwards, although the rate of expansion would
eventually become negligibly small. Water levels in the pumping well would
never cease to decline, although the rate of decline eventually would also be-
come negligibly small.

In most actual groundwater systems, the aquifer is finite, has barrier bound-
aries and/or recharge boundaries, and recharge is received from vertical and/or
lateral sources. Under these conditions, the cone of influence expands out-
wards until sufficient vertical and/or lateral recharge is intercepted to balance
the discharge of the well--provided t}'at adequate recharge is available., If the
pumping rate is heid constant, the water level in the well eventually will be-
come constant when eqnhbnum is achi eved between discharge and intercepted
recharge,

Special forms of the nonequilibrium equation have been developed to allow
for vertical recharge (ses Ferris and others, 1982, p. 1i8-122); lateral recharge
generally is handled by the method of lmage vweus Hantush (1964) describes
a method for handling combined vartical and lateral recharge under water-table
conditions.

When the unmodified (no recharge) equilibrium equation is used to study a
system that actually does receive recharge, the effect is an apparent increase
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in cecefficient of storage each time that pumping rate is increased--provided
that the recharge continues to be large enough to balance the increased demand.,
The amount of increase depends upon the ratio of the amount of water derived
from storage to the amount of water derived from recharge., Studies of the
equation of hydrologic equilibrium for Moscow basin (see Ross, 1965, p. 33)
indicate thet the amount of water available to become ground-water recharge
has been greatiy in excess of pumpags through the 1960's and will contine to

be in excess of pumpaje until abecur the year 2000, The apparent progressive
increases in S shown by the model aquifer studies indicate progressively
greater amounts of the water available for recharge have been utilized as demand
has increased. Because the sstimated amcunt of water available for recharge is
still greater than the demand, further apparent increases in S should be possible
until such rime as demand becomes as great as the actual maximum possible
recharge about the year 2000,

The results of the model aquifer study are a direct contradiction of the hypo-
thesis of Crosby and Chatters (1965} that recharge to Moscow basin is very
small. We would like to point out that the model aquifer study is an application
of principles of well-field hydraulics that are widely used in the study of ground
water problems., We believe that the isotope-age data of Crosby and Chatters
are incompatibie with the hydraulics of Moscow basin; the Moscow basin aquifers
do receive a great deal of recharge.

Effect of Western Boundary

The most obvious difference between the three-boundary model aquifer and
the real aquifer is the absence of a western boundary in the model aquifer, Cer-
tainly some westein boundary exists in the real aquifer, but its position and
nature are not known.

Even though the no-recharge, three-boundary model is not an exact represen-
tation of the real aquifer, the results of the study of the three-boundary model
can be applied to the real aquifer. In fact, the results of the study of the no-
recharge, three-boundary model make it unnecessary to design and study a no-
recharge, four-boundary model that might be a more exact representation of the
real aquifer.

The four-boundary, no-recharge model would be much smaller than our
three-boundary aguifer and would have a much smaller amount of water in storage.
Furthermore, if the western boundary is a barrier boundary--as seems likely--
the boundary effect would be an increase in drawdowns in a four-boundary model
compared to a three-—-boundary model. In & four-boundary aquifer in which all
boundaries are barrier boundaries, and all water is derived from storage because
there is no recharge, drawdowns can only be larger than the drawdowns in the
three~boundary aquifer for the same values of T, S, and pumpage.

However, drawdowns in the nco-recharge, three-boundary model are already
greater than the actual drawdowns in the real aquifer when values of T and S
are used that apply to artesian aquifers of the type that are present in Moscow
basin. In our studies, the three values of T used are all based on specific capa-
cities of real wells and therefore are real values based on field evidence. When
these values are used in our three-boundary model with values of S that are
normal for artesian aquifers (S=1.0 x 103 to 1.0 x 1079 , Ferris and others, 1962),
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1960 depths to water are from one hundred to many hundreds of feet greater
than the actual depths to water in the real aquifer (Fig. 13). The onlgz excep-
tion is for the combination T =1,0 x 106 gal/day/ft and S =1.0 x 109, poth
of which are very large values,

If the 1960 depths to water in the no-recharge, three-boundary model are
already generally much greater than tke actual 1960 depths to water in the
real aquifer, the 1960 depths to water in a no~recharge, four-boundary model
can only be even greater--perhaps enormously greater, The three-boundary
model has already demonstrated that the real aquifer did not drawdown as
much as it should have compared to an aquifer that receives no recharge
and therefore demonstrates that the real aquifer did receive recharge., Thus,
there is no need to study a no-recharge, four-boundary aquifer.

Suggested Methods for Further Study of Recharge of Moscow Basin

Considerad separately, either the water released from ground-water storage
or the water available from natural recharge seems to be sufficient by itself
to supply the water pumped from the artesian aquifers of Moscow basin., Most
likely, the water pumped comes from both of these sources, but not in equal
amounts. Relative amounts can not ke determined from the data and procedures
available to us; other methods and mor= data are needed.

One approach to the problem could be through a study of the probable
range of values of coefficient of storage in artesian aquifers. In order to dup-
licate real aquifer drawdown, we had to use values of S as highas 1.0 x107¢ ,
If it can be shown that such high values are not possible in an artesian aquifer,
even after a long pericd of pumpage, then much of the water pumped from Moscow
basin must come from recharge., To the best of our knowledge, the necessary
theoretical studies of long-term coefficient of storage in artesian aquifers have
not been made,

Another method would be to design model aquifers for Moscow basin that in~
clude recharge. The proportion of recharge to water derived from storage could
be increased in successive analyses until model aquifer drawdowns match real
aquifer drawdowns.,

A field study approach to the problem would be to design pumping tests
that would produce useful results in the aquifers of Moscow basin such that
reliable values of T and S might be determined. With these data and additional
data on other hydrologic factors, a more exact hydrologic kudget could be deter-
mined and the amount of recharge measured utilizing the reali system rather
a model system,

Causes of Decline of Piezometric Surface of Upper Artesian Zone

The long-continued decline of water ievels in the upper artesian zone has
caused concern that pumpage In Moscow kasin has been in excess of recharge.
Although over-pumping cannot be eliminated as one working hypothesis to
explain the declining water lavels, an alternate hypotresis can be erected that
includes adequate racharge to the basin,

Consideraticn of the nonequilibrium equation in a finite aquifer has shown
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that the cone of influence expands until pumpage is balanced by intercepted
recharge where adegquate recharge is available or until the cone intersects
barrier boundaries in all directions. If the pumping rate is held constant,
the rate of decline of the water level in the well will decrease as intercep-
ted recharge increases and will become zers when sufficient recharge is
intercepted to balance the pumpage. [f available recharge is insufficient

to balance the pumpage, the rate of decline of water level in the well will
increase with time even with the pumping rate held constant. The rate of
increase will accelerate as barrier boundaries come into effect.

In Moscow basin, the rate of pumping has never been constant., The
data on pumpage from the upper artesian zone (Tables 6 and 7) show an
overall increase over the period of 1896-19¢0, but also show differences of as
much as 37 percent between the pumpage of 2 successive years, The pump-
ages used in the three periods of model studies are the averages over the
periods; very likely, the rates were lower in the earlier part of each period
and higher in the later part,

Because pumpage has increased at an irregular rate, the cone of influence
in the upper artesian zone would be expected to expand and deepen at an
irregular rate. The effect of the aquifer boundaries probably increased the
rate of decline of the cone, It should be remembered, however, that the posi-
tions of the boundaries are known on only three sides of the basin: to the west,
some sort of boundary must be present, but its position and nature are unknown,
it also should be remembered that the known boundaries were assumed to be
barrier boundaries for the purposes of the model studies, whereas the results of
the model studies indicate that some of the boundaries may actually be recharge
boundaries. The decline of water levels could be the result of the generally
increasing rate of pumpage plus complicating effects of the aquifer boundaries.

Perspective on the decline of the water levels near the pumped wells in
the upper artesian zone may be obtained by comparing the changes between
each of the pumping periods in the amount of water pumped in millions of gal-
lons per year per foot of drawdown. This factor is termed "annual specific
capacity",

Average Pumping "Annual Specific Capacity

Rate: Millions Decline in Water Levels Millions Gallons/Year
Period Gallons/Year Increment Cumulative Increment Cumulative
1895-1925 152 45 -— 3.4 -
1925-1949 310 40 85 7.8 3.6
1949-1960 552 49 125 13.8 4.4

These data show that the "annual specific capacity” of the upper artesian zone in-
creased substantially over the period 1896-1960, whereas it should have decreased
if the basin were surrounded by impermeable boundaries and the recharge were
small, Therefore, these data suggest that the upper artesian zone received con-
siderable recharge over the period studied.

We believe that the hypothesis that assumes that the basin has received con-
siderable recharge is more compatible with the "annual specific capacity" data
than the hypothesis that assumes that pumpage has been considerably in excess
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of recharge. The increasing depths to water is the result of increasing pumping
rates and image well effects and does not indicate pumpage in excess of re-
charge.

Artificially Recharging the Upper Artesian Zone

A proposal for artificial recharge of the upper artesian zone by utilization
of seasonal runoff from intermittent streams was presented to the Sixth Idaho
Engineering Geology and Soils Engineering Symposium (Jones, Ross, and Williams,
1968). The mathematical model aquifer studies for the recharge system were done
before the model studies of pumping of Moscow basin, Xnowledge of possible
values of aquifer constants gained through the pumping model studies suggests
that the annual buildup of the piezometric surface from recharge may be less than
was predicted (Jones, Ross, and Williams, 1968, p. 274).

Proposed System

The details of the proposed system and the supporting data are in Jones,
Ross and Williams (1968), A brief outline will be presented here to provide
background for the following discussion of the mathematical model study.

Several of the intermittent streams that drain the Palouse Range on the north
border of Moscow basin have rather large runoffs during the spring months when
the snowpack melts, but are essentially diy during the peak demand summer
months. The water is not being used in Moscow basin at this time. The outline
of the proposed system to utilize this water by artificial recharge is:

1. Divert the spring runoff of the intermittent streams (March through May).
2. Treat the diverted water to bring it up to potable standards.
3, Use the treated water to recharge the upper artesian zone.

4, Withdraw the water from temporary underground storage during the peak
demand season (June through September).

The artificial recharge system has advantages over a surface storage system
in that capital investment is lower because no large reservoirs must be built
because minimal evaporation losses can occur, and because years of abnormally
low stream-flow have little effect on the water available during the peak demand
season.,

An artificial recharge system that diverts water at Robinson Lake on South
Fork Palouse River (Fig. 3) and which operates when flow exceeds 1000 gpm,
and which has a maximum recharge capacity of 4000 gallons per minute, would
operate 90 days a year in 6§ years out of 7 and recharge at least 375 million gal-
longs annually. In 3 or 4 years out of 7, the system would operate 120 days and
recharge at least 460 million galions annually. Regulation of stream flow by
small reservoirs might make an additional 80-~109 million gallons available an-
nually. During a normal year, South Fork Palouse River above Robinson Lake
should yield about 400 million gallons on a run-of-river basis and 480 million
gallons if stream flow is regulated. This is about one-third of the anticipated
1965-2000 average annual demand of 1,130 billion gallons.
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Gaging records (Jones, Ross, and Williams, 1968, p. 268-269) indicate
that in about 1 year in 7, discharge of South Fork Palouse River above Robinson
Lake would be in excess of 1000 gallons per minute on only 50 days and would
seldom exceed 2000 gpm: the water available for artifical recharge would be
only about 70 million gallons., During such dry years, Moscow basin would rely
on water naturally in ground-water storage plus any carryover of artificially-re-
charged water, The deficit would be made up, in part, during other years in which
runoff is greater, One or more dry years would have little long-term effect on
the artificial recharge system. In contrast, one or more dry years would be
disastrous to a surface-storage system in the Palouse Range drainage. Available
reservoir sites are small, have low storage volume, and evaporation losses would
be large in proportion to storage. The surface water reservoir sites available
are not large enough to retain wet-year excess runoif for use during dry years.

Addirionzl water could be obtained from Little Bear Creek, the next drainage
basin east of South Fork Palouse River., Assuming that the flow is at least as
large as that of South Fork Palouse River, an additional 400 million gallons may
be available annually on a run-of-river basis and an additional 480 million gal-
lons 1if streamflow is regulated. During a normal year, the combined flow of
South Fork Palouse River and Little Bear Creek would provide the artificial re-
charge system with about two-thirds of the anticipated 1965-2000 demand.

Eventually, the effluent of the Moscow Waste-~Water Treatment Plant could
be used as an additional socurce of water for artificial recharge. Facilities for
tertiary treatment of the effluent would need to be constructed. The Waste-Water
Treatment Plant is one source of water in Moscow basin which will increase in
volume as population--and demand--increases. Annual discharge, now is
about 300 million gallons, shcould increase to about ! billion gallons by the year
2000.

At the time that we made the study of the artificial recharge system, we had
no data on amounts of water in ground-water storage in Moscow basin. We con-
servatively assumed that the three artesian zones would yield no more than
500 million gallons annually on a long-term basis (Jones, Ross, and Williams,
1968, p. 264). Our studies of the pumping of the mathematical model aquifers
suggest that a great deal more water is available from natural sources in Moscow
basin. The artificial recharge system may not be needed for many years, but it
should be kept in mind as one way that additional water can be obtained for
Moscow basin at a relatively low cost.

Predicted Buildup of the Piezometric Surface under Artificial Recharge

Recharge through wells seems to be the most practical system for Moscow
basin, Initially, some of the existing wells could be used for recharge during
the spring runoff season, then the same wells would be used as supply wells dur-
ing the peak demand season. Later on, additional wells may need to be drilled.

As a first approximation, a well should accept water under artificial recharge
at about the same rate that the well will yield water when pumped. City Well 3
vields 1350 gpm with about 10 feet of drawdown; presumably, it would build up
a cone of impression about !0 feet high in the well when recharged at the rate of
1,350 gpm. The apex of the cone would gradually rise as water goes into storage
andas barrier boundaries take effect, Recharge would become impossible if the
cone of impression should rise to the surface.
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We have reported earlier (Jones, Ross, and Williams, 1968} on a mathe-
matical model aquifer study of artificial recharge of the upper artesian zone.,
This study was done before our pumping model studies; therefore, we had
little knowledge of the values of coefficient of transmissibility and coef-
ficient of storags for the upper artesian zone that became apparent during
the pumping model studies, The artificial recharge computations were
based on T derived from specific capacities of wells and S assumed as
the middle of the "normal” range for artesian aquifers,

Our pumping rmodel studies show that the value of S may be much greater
than the assumad value used in the artificial recharge studies. Therefore,
we have recalculated probable buildups with the larger values of S: the
results are reported on Table 9.

We are not certain as to whether the largest values of S that apply to
the pumping models would also apply to the artificial recharge models. The
pumping models values of S increased with time; part of the increase could
have been the result of compression of the agquifer that forced water out of lenses
of clay and silt within the aguifer system . This process may not be fully re-
versibile, especially during the short time interval of 100 days during which
artificial recharge would take place. However, we do believe that the two sets
of values of S represent the extremss of the possible rarige of buildups that
are compatible with the available data on the properties of the upper artesian
zone,

If we assume that the pumping model data do apply to artificial recharge,
we can select any of the combinations of values of T and S that reproduced real
aquifer drawdowns in any one of the periods of pumping., In order to evaluate
the effect of the minimum and maximum probable values of S on the buildup,
one set of values should be used from the 1949-1920 period in which the maxi-
mum model values of S apply and one set of values should be used from the
1896-1925 period in which the minimum model values of S apply. For both
periods, we used T = 1,0 x 106 gal/day/ft; the values of S used are 2,3 x 10-3
tor 1949-1960 and 1.0 x 103 for 1895-1925, The value of T is estimated from
the specific capacity of University Well 2; although the values of T should be
lower for City Wells 1, 2, and 3, the larger value of T was used in the pumping
model and did reproduce the actual drawdown that took place in the real aquifer
in the vicinity of City Wells 1, 2, and 3. Therefore, we feel justified in using
the larger value to predict the buildup in the vicinity of these three wells at
the City Pumping Plant. The results of the computations are shown on Table 9
and indicate that the maximum buildup would be about 32 feet at the end of
recharging 2000 gpm. for 100 days through a single weli at the City P umping
Plant.

If we assume that the pumping model data do not apply to artificial recharge,
we can compute probable buildup from specific capacity data values of T and
an assumed value of S-=~as we did in our original study. The amount of buildup
then depends on the value selected for T, Results of computations for several
values of T are on Table 3., If specific capacity data for University Well 2 are
used to determine T, the maximum buildup would be 45 feet at the end of 100
days of recharging at 2000 gpm. If the specific capacity data of City Wells
2 or 3 are used to determine T, buildups wculd be greater--45 to 75 feet at
the end of 100 days of recharging 1000 gpm. and 93 to 152 feet at the end of 100
days recharging at 2000 gpm. Because 1965 depths to water in the vicinity of
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City Wells 2 and 3 was about 100 feet, recharging at 2000 gpm. through either
of these wells would not be feasible because the cone of impression would
reach the surface before the end of the recharging season.

The results of these calculations indicate that it is feasible to recharge
srtificially at the rate of 1000 gpm. for 100 days through City Well 2 or 3,
regardless of which set of conditions apply. If the conditions indicated by
the pumping model aguifer studies do apply--and it should be recalled that
these data gave results that duplicate the actual performance of the real
aquifer whereas the data utilizing the "normal” value of S did not--then it
is feasible to recharge at the rate of 2000 gpm, for 100 days.

Tabla 9, Probable Buildup of Piezometric Surface of Upper
Artesian Zone Caused by Artificial Recharge through
a Single Well at the City of Moscow Pumping Plant,
Buildups are Calculated for Several Values of
Aquifer Constants for 100 Days of Recharge at 1000
and 2000 gpm:.

Buildups
in feet

1000 2000
gpm gpm

A, Buildup using aquifer constants that
are conformable with the results of the
pumping model studies.

Highest prokable values of S, hased
on 1949-1960 data: T = 1.0 x 10° gal/day/ft:
S=2.3x10-3. 6 13

Lowest probable values of S, based on
1896-1925 data: T = 1.0 x 10° gal/day/ft;
S=1,0x1079, 16 32

B. Buildup using aquifer constants that are not
conformable with results of the pumping
model studies,

Value of S assumed to be middle of

"normal” range for artesian aquifers =

1.0 x 10-4; T estimated from specific

capacities of wells, ,
Univ. Well 2, T =1.9 x10% gal/day/ft 24 45
City Well 3, T =4.0 x 105 gal/day/ft 45 93
City Well 2, T=1.,5x 105 gal/day/ft 75 152
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5
INTERPRETATIONS OF LONG-TERM WATER-LEVEL F&IJGIHIFATIONS

Water levels in wells in Moscow basin display short-term, seasonal, and
long-term fluctuations in response to natural and artificial changes in hydro-
logic conditions. Natural long-term changes are caused by natural changes in
recharge and/or discharge ., Natural racharge to Moscow basin is entirely from
precipitation within : basin; therefore, recharge fluctuates with seasonal
and long-term fluctuations of precipitation. The natural discharge is largely
by underflow out of the basin to the west., Under natural conditions, the

AT

amount of under{low would neerly be constant.

Artificial changes in ground-water discharge are caused by pumping of
wells. The steady decline of water levels in public-supply wells in the up-
per artesian zone from the 1890°s to the early 1960's indicated long-term
changes in hydraulic conditions, but not necessarily a depletion of water
available for use. In the eariy 1960's , pumping of the upper artesian zone
was greatly decreased and water levels have been rising ever since,

Short-term water level fluctuations in artesian wells in Moscow basin
were discussed by Sokei (1966} . His conclusions will be summarized here.
The water levels in the artesian wells respond to changes in ground-water
storage, to pumping in a=arby wells, and to changes in atmospheric pres-
sure. Some of the artesian wells alss exhibit short-term, non-periodic fluc-
tuations in response to earthquake shock waves or to wind blowing across
the top of open casing. Atmospheric pressure fluctuations at Moscow (Sokol,
1966, Fig. 3; are as much as 0.5 feet of water in one day and as much as 1.2
feet of water cver a threa-day period., Barometric efficiencies of the artesian
aquifers commonly are more than 99 percent; therefore, atmospheric pressure
fluctuations can produce as much as 0.4 foot of water-level fluctuation in
an artesian well in a singlie day and as much as 1.0 feet over a period of
several days., These changes are large enough to mask changes caused by
seasonal recharge.,

The basis of our arnalysis of long-term water level fluctuations are water-
level records compiled from various sources. The tabulated data are on file
with the Idaho Burecau of Mines and Geclogy. Hydrographs of the records for
wells in Moscow basin are shown in Figures 14, 15, 16, and 17 (Figures 15
and 17 are in the pocket at lthe end of the report}, Sources of data are:

1. Periodic tape measurements and reccrding water-level gage graphs
from 9 project observation welis and 2 U.S. Geological Survey ob-
servation wells for the period 1963-13985,

2. Records ot periocdic tape measurerents taken prior to 1963 in the
2 U.S, Geological Suirvey observation wells, as furnished by the
U.S. Geological Survey.

3. Records of pericdic and random maasurements, nearly all by air-
lines, for 7 public-supply wells, as ifurnished by the City of Moscow
and the University of idanc.

Where recording water-level gage records weare used, daily highest water levels
are the basis for reporting data from all wells, Some of the wells are under
the influence of pumping of nearby wells; therefore, daily highest water level
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would be the closest to the undisturbed water level of the well.

Fluctuations in Observation Wells in the Surficial Aquifers

Water level measurements were taken periodically by steel tape in 5 wells
in the surficial aquifers; water-level recording gages were operated on two of
the wells for aboutl year and 2 years. All are water table wells; 4 are are in
surficial sediments and 1 is in granitic rocks. The records of the water levels
in the surficial aquifers suggest that the water table in Moscow basin has re-
mained at about the same levels since at least the early 1930's, Williams and
Allman (1969) have worked out the relations between water level fluctuations
and recharge in a portion of the surficial aquifers of Moscow basin.

The 4 observation wells in the surficial sediments are: 39N-5W-8dal, 9bcl,
10acl, and 40N-5W-3lca2. Water level fluctuations of 10acl and 3lca2 (Fig,
14 and 15) reflect only natural changes in water levels, Water levels in 9bcl
are influenced by its own pumping during the summer months and those in 8dal
are affected by lawn watering during the summer,

Well 10acl is the key observation well for the surficial aquifers, Its posi-
tion in the surficial materials over ying crystalline rocks in the valley of the
South Fork Palouse River means that the water levels are influenced by the
underflow moving from the Palouse Range towards the recharge area of the arte-
sian aquifers at the basalt-crystalline rock contact about 1/2 mile south of
10acl, In addition to reflecting the annual underflow changes, the well might
also show any long-term effects that heavy pumping of the artesian aquifers
might have on the overlying water-tabie bodies. If pumpage of the artesian
aquifers is too great to be balanced by the underflow, the water-table might
be expected to show a long-term decline as water moves down from the water
table to replace water removed by pumpage from the artesian aquifers. Well
10acl also has the longest record of any water-table well in Moscow basin. It
is a U.S. Geological Survey observation well that was measured in 1934-1940,
1947-1960, and 19641966, The complete hydrograph is shown on Figure 15
and the 1964-1966 hydrograph is shown on Figure 14. Precipitation at Moscow
is shown on both figures.,

The hydrograph of well 10acl shows annual fluctuations through a range of
about 7 feet which probably reflect annual changes in the amount of underflow
passing well 10acl in addition to local recharge and discharge of the water
table, Long-term changes in the water levels probably reflect long-term changes
in underflow and in local recharge-discharge, both of which are the results of
changes in precipitation. The generally lower water levels of 1953 through 1955
are in response to lower than normal precipitation during these years, whereas
the generally higher water levels of 1956 through 1959 reflect higher precipita-
tion, The lack of a seasonal rise during 1966 may have been due to the unus-
ually low winter and spring precipitation; it may also be due to pumping of
wells at a trailer court that went into operation near 10acl in 1966, Several
other wells shown on Figure 14 had a less-than-normal seasonal rise in the
spring of 1966,

The record of 10acl suggests that the amount of underflow and local recharge-
discharge in the South Fork Palouse River valley has been essentially stable
for many years, Comparison of the hydrograph of 10acl with the hydrograph of
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7ddl, both shown on Figure 15, shows that 10acl experienced no progressive
decline during the period 1934-1960 when 7ddl, a well in the upper artesian
zone near the middle of Moscow basin, experienced a decline of nearly 40
feet. The differences in the hydrographs suggest that heavy pumpage in the
artesian aquifers has not affected the water table in Moscow basin.

Well 8dal is in @ reclaimed swampy area where the position of the water
table is controlled by drains and storm sewers, The amplitudes of the fluc-
tuations are small because of the water~iable control: some accidental re-
charge during the summer is caused by lawn watering. Except for the acci-
dental recharge, the pattern of fluctuations is similar to those in 10acl,
but of smaller amplitude.,

Well 9bcl is in the walley bottom of Paradise Creek where the water table
is very close to the surface. A recording gage was operated in the well from
January, 1964, to June, 1966. The well is very close to the western edge
of the basalt and to the recharge area of the artesian aquifers, Well 9bcl
might have shown a decline of watar levels if the pumpage of the artesian
aquifers was greater than water available for recharge. Although only a few
yvears of record are available for 9bcl, both Figure 14 and a more detailed
hydrograph published by Ross (1965, pl. 7) show that during the late- winter
to early-spring recharge seascn, water levels in 9bcl nearly reach the sur-
face of the ground.

Water levels in 9bcl have risen as much as 2 feet in 1 week, During
low-water periods, depths to water stili are less than 10 feet. Such high water
levels in the possible recharge arca of the artesian aquifers are not compatible
with the concept that pumpage in the artesian aquifers is in excess of the
water available for recharge that passes through the recharge area. The pattern
of annual fluctuations in well 9bci is infiuenced by its own pumpage; fluctua-
tions are less in 1965 than in 1964 and less in 19€% than in 1965 because pumpage
was less in each of these years. In spite of summer-time pumpage, the pattern
of water-lavel fluctuations in 9bcl is simiiar to that of 10acl; the hydrograph
of 9bcl shows many minor fluctuations not present on the record of 10acl be-
cause the data for 9bcl are taken from a recording gage,

Well 3ica2 is in a valley bottom. it aiso is fairly close to the eastern
edge of the basalt and to the recharge arca of the artesian aquifer. Water levels
come very close to the surface in the spring and depth to water is less than
10 feet in the fall., Water~level fluctuatizns seem to be entirely from natural
causes; the hydrograph is similar to that of {0acl. The high water table for
this well also is not compatible with ilie concept that pumpage of the artesian
aquifers is in excess of the water available for recharge that passes through the
recharge area.

Well 29aa2 is a water~table well in the granitic rocks of the surficial aqui-

ers. Unlike the other wells in the surficial aquifers, it is some distance away
from the contact with the basalt. Water-level fluctuations are somewhat af-
fected by the pumping of well 29aal, 75 feet away. Daily highest water levels
are shown on the hydrograph in order to mminimize the effect of pumpage; sustain-
ed pumping of 29aal may draw down water levels in 29aa2 by as much as 0.4
toot. Seasonal and annual changes in water levels in 29aa2 are small compared
to the other wells, probably because Z3aa2 is not in an underflow channel as
are some of the other wells in the surficial aquifers.
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Fluctuations in Observation Wells in the Upper Artesian Zone

Wells 39N-5W-7ccl, 7ddl, and 8ccl are artesian wells in the upper basalt
and the upper part of the upper interbeds. The three wells are in the central
and western parts of the City of Moscow and are in the cone of depression
caused by pumping of public-supply wells in the upper artesian zone; princi-
pal water-level fluctuations are causzsd by fluctuations in pumping. Sokol
(1966, p. 21) computed a barometric efficiency of 90.5 percent for well 7cdl
(University 2), a public-supply well in the upper basalt and upper interbed.
His Figure 3 shows atmospheric pressure fluctuations that are as much as 0.5
feet of water in one day and as much as 1,1l feet of water over a three-day
period. In wells witiz a 90 percent barometric efficiency, these atmospheric
pressure changes would cause water-level changes of about 0.4 and 1.0 feet
respectively. In the three wells, short-term water-level fluctuations caused
by natural changes in ground-water storage are masked by the changes caused
by fluctuations in pumping and/or fluctuations in atmospheric pressure.

Well 7dd} is the key observation well in the upper basalt and upper inter-
bed. Itis a U.S. Geological Survey observation well with a record of measure-
ments that begins in 1937. The complete hydrograph is shown on Figure 15
and the 1964-1966 hydrograph on Figure 16. Generalized water level trends
are shown in Figure 12. Well 7ddl is about 1500 feet from the center of pumpage
of the City of Moscow (City 1, 2, and 3) and about 3000 feet from the center
of pumpage by the University of Idaho (University ! and 2). These public-sup-
ply wells in the upper basalt and upper interbed were essentialiy the only
sources of water prior to 1960 and were heavily pumped until the early 1960's.
Beginning in 1960, the source of the public supplies was shifted to deeper
wells with City 6 going into service in late 1960; University 3, in late 1963;
and City 8, in mid-1965. During this time, pumping of the upper basalt and
upper interbed aquifers decreased, and virtually ceased in 1965-1966. Water
levels in 7ddl rose slightly in 1960 through 1964 in response to decreased
pumpage, then rose sharply during 1965-1966., This increase in water levels
in 7ddl indicates that the cone of depression in the upper artesian zone center-
ed on Moscow has decreased in size and that ground-water storage in the upper
artesian zone has increased, As this report was written (summer of 1969),
water levels in 7ddl were still rising, but at a lesser rate than in 1965-1966.
The 1969 water levels were at about 65 feet--the same depths as in the late 1940's
and early 1950's but still below those of the 1930's.

The records of wells 7ccl and 8ccl are much shorter than that of 7ddl, but
show the same rising trend of water levels during the period of record. The depth
of 7ccl is not known , but a son of the former owner (Albert Hagen, oral communi-
cation) recalled that clean white sand was penetrated at the bottom of the well,
This sand may be from the upper interbed. The well is blocked by a piston pump
housing at about 70 feet, Howevar, water-level fluctuations in the well are
thought to represent the fluctuations within the aquifer because comparison of
the measurements from 7ccl with recorder graphs from wells showing fluctuations
caused by changes in atmospheric pressure indicate that the water levels in
7ccl also respond to atmospheric pressure changes, Water levels in 8ccl also
seem to respond to atmospheric pressure changes.

The Parker Farm well of the University of Idaho (15bcl) is an artesian well
in the upper basalt aquifer that was drilled in 1957. The 1964-1966 water level
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fluctuations are shown on Figure 16 and are shown again in relation to the 1957
water level in Figure 17. The principal cause of water-level fluctuations is
pumping of the well, which tends to obscure changes from other causes. Two
nearby wells (15acl, Elks Golf Course: and 15cal, Bennett Lumber Products)
do not seem to be hydraulically connected with the Parker Farm well, The
two wells were heavily pumped during the psriod of record. The Elks well

is about 2100 feet away and is pumped almost continuously during the summer
months at a rate of about 60 gpm. In 1962, the static water level in the Elks
well was at elevation 2535, or about 6J f=et below the surface, which is
nearly 60 feet higher then the probable water level in the Parker Farm well
(elevation 2488, or about 120 feet below the surface). Chemical analyses of
waters from the two wells are very similar (Tab. 10; Fig. 25). The large dif-
ference in elevations of the piezometric surfaces suggests that the Parker
Farm welil and the £lks well are not connected hydraulically, The Bennet well,
1500 feet away, is pumped continuously, all year around. The static water
level in the Bennett well is at about elevation 2505, or about 90 feet below
the surface, which is only about 17 feet higher than the water level in the
Parker Farm well. However, the chemical analyses of water from the two
wells are very different {(Tab. 10; Fig 25). The small difference in elevations
of piezometric surfaces plus the very great difference in chemical analyses
suggests that the Parker Farm well and the Bennett well are not connected
hydraulically. It foliows that, from the differences in elevation of piezomet-
ric surface and the differences in chemical analyses, the Elks well and the
Bennett well are not connected hydraulically, even though they are only about
700 feet apart.

The hydrographis of the Parker Fauim well (Fig. 16 and Fig. 17) show a steady
rise of water levels during 1965-1966 to levels that are above the static water level
of the pumping test in November, 1357, This pattern is very similar to that of
well 7ddl in downtown Moscow, but the rise is not as great. Moscow basin
water levels were at about their lowest in 1957 and rose steadily during 1965-
1966 and were considerably above 1957 levels in mid-1969, Such a similar pat-
tern of the hydrographis suggasts that the Parker Farm well is hydraulically
connected with the public-supply wells in Moscow even though it is about 12,000
feet from the center of City pumpage and about 15,000 feet from the center of
University pumpage., However, the chamical analysis of water from the Parker
Farm well (Tab. 10; Fig. 25) is very different from the chemical analyses of
water from the public-supply wells in Moscow that pump water from the upper
basalt and upper interbed aquifers (Tak. 10; Fig., 25). The water-level fluctua-
tions in the Parker Farm well may represent natural increase in ground-water
storage during 1965-1966.

City Well 7 is an artesian well perforatsd in the lower part of the second in-
terbed., Short-term water-lievel fluctuations were discussed by Sokol (1966, p.
11-12), He shows that fluctuations are caused by changes in atmospheric pres-
sure and changes in storage, He suggests that the aquifer penetrated by City
7 is not directly connected hydraulicaily with any of the pumped aquifers and
that changes in storage are natural.

With the exception of 7ba2 (City 7;, ail observation wells in the upper
artesian zone showed rising water levels during the period of our field studies
(1964-1966). These rising levels were in response to decreased pumpage and in-
dicate an increase in ground water in storage., At the time this manuscript was
written (summer, 1969), water levels were still rising in the one well still being
measured (7ddi).
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Fluctuations in Public Supply Wells in the Upper Artesian Zone

University 1, University 2, City 1, City 2, and City 3 are artesian wells
in the upper basalt and upper interbed aquifers. For many years, these were
the principal public-supply wells in Moscow basin and heavy pumping from
them caused a deep cone of depression in the piezometric surfaces of the
upper artesian zcne, Individual detailed hydrographs of most of these wells
since the city and University began periodic water level measurements in
the early 1950's are shown on Figure 17. City 1 is omitted from Figure 17
but is shown along with City 2 and University 1 and 7ddl on Figure 12, a
generalized hydrograph for the period 1896-1966.

A recording gage was in operation on University 2 during the period June

25 to July 14, 1964. Water-level fluctuations during this period were analyzed
by Sokol (1966, p. 21-22), He computed a barometric efficiency of 90.5 per-
cent and concluded that the short-term water-level fluctuations were caused
by changes in atmospheric pressure, by seasonal recharge and/or recovery
since shutdown of the well, and by pumpi ng of other wells, Prior to June,
1964, the principal cause of water-level fluctuations was pumping of the well.
The well has been pumped very little since University 3 went into service.

City 1, City 2, and City 3 are within a hundred feet of each other and
seem to obtain water from the same zones. The water-level fluctuations in
each of these wells are caused by its own pumping and probably also are
caused by pumping of the other two, The water-level measurement record is
most complete for City 2; the pattern of the generalized hydrograph on Figure
12 is similar to that of 7ddl: increasing demand in the 1940's and 1950's
caused steady decline of water levels until the source of public supplies was
shifted to the deeper wells in the early 1960's. The water levels have since
risen.

University 1 is about 2200 feet from University 2, but Sokol (1966, p. 21)
presents evidence that the two wells are poorly connected hydraulically. The
principal cause of water-level fluctuation in University 1 is its own pumping.
After University 2 went into service, pumping in University ! declined and
water levels rose after 1958, Only one measurement is available for 1963, and
none thereafter,

During the period of our field studies (1964-1966) water levels in most
public supply wells showed the same rising trends as were shown by the obser-
vation wells. The rise is in response to decreased pumpage and represents
an increase of ground water in storage.

Fluctuations in an Observation Well in the Middle Artesian Zone

University 3 is an artesian well perforated in the middle basalt aquifer. Be-
fore the well was placed into service in September 1964, records of water-level
fluctuations were obtained by a recorder between December 14, 1963 and May 7,
1964, and by tape measurements thereafter. The hydrograph is shown on Figure
17. Sokol (1966, p. 13-19) analyzed the records prior to September, 1964. He
computed a barometric efficiency of 91 percent and concluded that the principal
short-term water-level fluctuations are caused by fluctuations in atmospheric
pressure., After removing the effects of atmospheric pressure changes from the
hydrographs, he demonstrated small water-level changes from natural changes
in ground-water storage. Other water level changes that he discussed are
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non-periodic and are caused by earthquakes and by wind blowing across the
top of the casing before the well houss was bullt,

After University & went into service, we took tape measurements at about
weekly intervals and the University of idaho wook daily airline measurements,
Both sets of date are reported arnd are shown tcgether on Figure 17 for purposes
of comparison. Since the well wenl into service, the principal cause of
water-level fluctuations ~as been ‘pu’tm\p g of the well, Water levels declined
about 8 feet by December of 196, at the end of two years of operation. By
the end of 1968, the water lavels had d Toh IPed an additional 2 feet. These de-
clines were in resposnse to the pumping of e well,

Fluctuations in 2ublic-Supply Wells in the Lower Artesian Zone

City 8 is an artesian well in the lower basalt and City € is an artesian well
in the lower basalt and lower inteibeds. No periodic water-level measurements
were obtained from City £ prior to its being placed into service; a recording gage
was operated on City 8 from Marck 15 to April 19, 1965, During this time, a
record of the operation of the pump on City & was kept by a recording voltmeter
installed on the pump controls, Water-level fluctuations for the period were
analyzed by Sokol (1966, p. 23-24;, who estimated the barometric efficiency of
City 8 to be 80 percent and determinad that the major cause of water level fluctua-
tions was pumping of City &, which is £33 ifzet away. Comparison of extended-
scale recorder graphs of the watar ievels in ity 8 with the recording voltmeter
graphs from City & (Sokol, 1964, Fig. i5; snows that the direction of trend of water~
level in City 8 reverses within 1 to 5 mintss of the time that the pump on City 6
starts or stop During the period that tms recording instruments were in operation,
pumping of Clty 6 caused daily waier- lave, fiuctuations through a range of 2 feet
in City 8., The quickness with which water [evals in City 8 respond to changes
in pumping in City 6 and the amount of infiuence that pumping of City 6 has on
the water levels in City 8 show that these two wells have very good hydraulic
connectionn., Pumping of City 8 should havs strong influences on water levels
in City 6.,

The water-level records for City 8 (Fig. 17} are from several sources., The
pumping-test static level of December 11, 1964, probably was an airline measure-
ment; it is believed to be inaccurate. The racorder graph records of March 15-
April 19 were checked with steel tapec measurements each time the charts were
changed and are accurate. In the summor of 1968, the Moscow City Engineer
discovered that the airline on City 8 was i0 {eet shorter than originally reported.
The data shown on Figuie 17 have been currectod to remove this error,

According to R.:D. Day, then Moscow City Engineer, (oral communication,
1967), recovery of City 8 is rather siow and most of the shut-down periods of the
pump are too short to psrmit full recovery, He reportied that when the pump is
off for a pericd of more thhan several hours, water levels will recover to about
310 feet. The measurements furnished by City of Moscow for the period mid-1965
through 1966 range from between 218 and 339 1@,9, and probably are random points
on the recovery curve of the well. The water levels probably are also affected
by drawdowrn: caused by pumping of Jity 6, Tre reported recovery of City 8 to
about 210 feet plus the several ' normal” measurements in the range of 318, 319,
320, and 2321 feet during late 19496 s Jggest that the static level of City 8 had
declined about 10 feet by December, 196%, after about 13 years of operation.
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The principal causes of water-level fluctuations in City 6 are its own pump-
ing, and (since mid-1965) pumping of City 8. Between 1960 and 1966, City &
was pumped at about 900 gpm. Water levels declined slightly and were about
2 to 5 feet lower at the end of 1966 than they were in 1960, On January 26, 1967,
the water level was measured with @ steel tape and was 289,20 feet below land
surface. At the time of the measurement, the pump had been removed from the
well and it kad not been pumped for several weaks, In 1967, the pumping rate
of City € was increased to about 1299 gpm .

Relations of Water-Level Fluctuations to Ground-Water Supply

Water that recharges the artesian aquifers must pass through the surficial
aquifers on the way down to the artesian aquifers (Fig. 6). The water moves
along the basalt-crystalline contact, or through buried stream channels
(Chang-Lu, 1957, p. 76-80) and/or vertically through the top of the basalt
sequence. Heavy pumpage in the upper artesian zone between 1896 and 1960
created a substantial decline in the piezcmetrc surface that must have in-
creased the rate of downwards movemernt of wataer., If recharge to the water
table was less than the amount of water maving to the artesian aquifers, a long-
term decline of water levels should have occuired in the water-table aquifers.
If water available for recharge was in excess of the amount of water moving to
the artesian aquifers, it would move intc the water table aquifers in amounts
sufficient to keep the water-level fluctuaticns within the same range as when
pumpage of the artesian agquifers did not affect the water table bodies.

All evidence shows that the water table in Moscow basin has not declined
since at least the early i330's and suggests that the water table has remained
stable since the 1890's. In this periocd of time, the water levels of the upper
artesian zone declined neariy 120 feet in the vicinity of the pumped wells,

Water-level fluctuations in the artesian aquifers generally show seasonal
rises in the spring that Sokol (1965, p. 25) relates to recharge., The long-con-
tinued rise in water levels in the upper artesian zone after phasing out of heavy
pumpage in the early and middle 19€0°’s is additional evidence of recharge.

The seasonal rises in the artesian aquifers, the long-term stability of the
water table all indicate that water available for recharge in Moscow basin still
was in excess of pumpage at the time wes did our field studies. Water moves
down from the water table to replace water pumpad from the artesian aquifers.
Water that formerly passed out of Moscow basin as surface flow or evapotrans-
piration ("rejected recharge”} moves down into the water table to replace the
water that went down to the artesian aquifers. Enough water has moved down from
the formerly rejected recharge to keep the water table fluctuations within the
" same range for the period 1934-1966 and probably for the period 1896-1966,

Additional rejected recharge probably still is available, The estimates of
water available for recharge in Moscow basin (see Ross, 1965, p. 30-35) sug-
gest that recharge should excead pumpags through the year 2000,

If pumpage from the artesian zZones should begin to exceed all available re-
charge, the water table should begin to decline gradually. A long-term program
of water-level measurements wouid provide the data necessary to determine if
the water table is remaining stable or teginning to decline,
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GEOCHEMISTRY OF GROUND WATER

Natural water never consists of pure H,O., Dissolved inorganic solids,
gasses, and perhaps dissolved organic ma%ter are present in ground waters.,
In "fresh water" , the dissolved solids commonly make up less than 1 per-
cent by weight: in Moscow basin ground waters, the dissolved solids gen-
erally total 0,01 to 0.05 percent. The term "chemical composition of water"
means the kinds and amounts of materials dissolved in the water.

Even rain water, though commonly reagarded as pure, contains some dis-
solved solids and generally picks up carbon dioxide gas as it passes through
the atmosphere. The carbon dicxide undergoes a chemical reaction with
the water to make a very dilute solution of carbonic acid. As the slightly
acid water percolated down through the soil and rocks to the water table to
become ground water, and as the grcund water moves through the soil and rocks,
various chemical processes of soluticn, deposition, and reaction take place
that cause changes in the chemical composition of the water. The kinds of
processes that will take place are influenced by the mineralogy and other geo-
logic features of the rocks, by the volume of water and the rate of circulation,
and by physical-chemical variables such as pressure, temperature, pH, and
oxidation potential. In some place, changes are caused by actions of man,
These artificial changes are classed as contamination or pollution.

Geochemistry of ground water is the study of the changes in chemical com-
position of water as it circulates through the ground. Deduction of the reasons
of the changes in terms of physical~-chemical relations is the goal of geochemi-
cal study.

During the time that the public water supplies of Moscow basin were ob-
tained from the upper artesian zone, excessive amounts of iron caused many
annoying problems. One of the goals of our study was to determine the factors
that control the origin and distribution of iron in the ground waters of Moscow
basin. Ross (1965, p. 83-88) determined the hydrologic factors during her
preliminary studies. Our follow-up studies eliminated many simple chemical
and physical-chemical relations as causes of the origin and distribution of the
iron but did not determine the actual causes.

Preliminary Study

During her investigations of the gechydrology of Moscow basin, Ross (1965,
p. 65-88) accumulated much basic data on the chemical quality of the ground
waters, She assembled data from 70 chemical analyses from various sources;
most of the analyses reported only a few constituents of the water. She deter-
mined field specific conductivity of water from about 200 wells, determined
iron content of water from about 150 wells, and measured temperatures of water
from about 62 wells.

She presented two isogam maps of distribution of specific conductivity of
ground waters in Moscow basin; her plates 9 and 10 show specific conductivity
in the "shallow unconfined aquifers” and in the "upper confined and deeper
unconfined aquifers” respectively. These maps have been revised; Figure 23
is distribution of specific conductivity in the surficial aquifers and Figure 27
in the upper artesian zone,

Ross also presented two isogam maps of distribution of iron in ground waters
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in Moscow basin., Her Plate 19 shows distribution of iron in the "shallow
unconfined aquifers” and her Plate i, in the "upper confined and deeper uncon-
fined aquifers” . These mans also have been revised; Figure 22 is distribution
of iron in the surficial aguifzrs and Figure 26, in the upper artesian zone.

Ross discussed the hydrologic contrals of the origin and distribution of
iron and silica., The discussion is given helow; few revisions were necessary.

Most of the wel a&, for wtiuch chemical analyses of water were obtained
were selected on the basis cf daie in Poss' report, Water was analyzed from
wells believed to be typlcal of each aquifer, from wells with waters high
in iron, or frem wells with othar anomoslous characteristics. The analyses
are shown on Tabkle i0. Paitial qualiity of water data, such as temperatures,
iron, field bicarbonae, spec; i¢ conductivity, and field pH were obtained
on 22 additional wells after Koss completed her preliminary study, These
data are on file with the {daho bureau of Mines and Geology.

1 - PRl PO ¥ ?
sourcss of Dhinical Analvsses

Chemical analyses of watar from 42 wells and springs in Moscow basin
are shown in Table 10. Samples for 28 of the analyses were collected by
R. W, Jones and were ar.a'yzed bv the D=partment of Agricultural Biochemis-
try and Soils of the University of idake. Two of the analyses are by the Idaho
Department of Healtnn and twe are the averages of a number of analyses from
various sources that wers repovted by Ross (1965, Takb., XVi). Data that supp-
lement the analyses were obtained by S. H. Ross, R.W. Jones, and D.A.
Myers,

Thirteen of the samples are for freshly pumped water collected from valves
that bypass the storage system fed Hy the pump. These samples of water pro-
bably are very similar to the water circulating in the aquifer. The other samples
were collected from taps in the storage system or were dipped from open wells.
The water in these samples prcbablv was modified to an unknown extent by the
metal and air in the storage system or by contact with the atmosphere. Iron,
bicarbonate, and pH are particularly susceptible to such alteration. To mini-
mize changes in samples after ceollaction, the samples were held in a refrigera-
tor from a few hours after collection until analysis.

Procedures for Obtaining rield Analytical Data

In general, the analytical laboratories reported: SiO5, Al, Ca, Mg, Na,
K, HCO3, SO4- Cl, NOgz, and pH. Some of the analyses also showed NHj,
PO4 . or Mn. Although tiie analytical lalboratories did report Fe and the Depart-
ment of Agricultural Biochemistry and Soiis reported specific conductivity,
their data are nct shown on Table 10 but are shown on Table 11, On Table 10,
the data on temperature, Fe, HCO, (rield;, I, specific conductivity, and pH
(Field) were obtained by R, W, Jonés, S.H. Ross and D.A. Myers. Total dis-
solved solids and hardness were calculated using methods in Rainwater and
Thatcher (1960, p. 176=177; 271-273).

Temperature

Temperaturs was taken with ordinary thezimometers that probably were ac-
curate to !l degree. Temperature was measured only when water came directly
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Table 10. Continued.
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Silica (5102)
Aluminum (A1)
Iron (Fe)

Calcium (Ca)
Magnesium (Mg)
Sodium (Na)

2/
Y T

Bicarbonate (HCO
(Field)

Potassium (K)

3)

Bicarbonate (HCO

2/

(c1)
(F)

(Lab)
Sulfate (504)

Chloride
Fluoride

(calculated)

Hardness as CaCOj3
(calculated)

Nitrate (N03)
Dissolved solids

2/

Specific conductance
(micromhos/cm at 25°C)

27

pH (Field)
pH (Lab)

Collection point

Remarks

UPPER_ARTESIAN ZONE

Upper Basalt Aquifers
39N-5W

23 Sbbl  8/11/65, 56 ,25.0

24 Ssdal 11/17/65| - | 44.
25 8ab2 - - |55
26 9bal 11/23/65| - | 29.
27 9bet  8/12/65| - | 29.
28 15acl 8/11/65| - |27.

29 15bcl 11/16/65( 53 | 23.
30 15cal 8/11/65( 57 | 26.
31 16ad5 8/13/65 |- 125.0
32 16bal 8/13/65 |55 |28.8
33 18bal 1960 - -

34 19ba3 11/24/65 |54 |22,1

35 19bb4 8/13/65 |- |23.3
36 19dal 11/23/65 |- |27.5
37 Average - 28-5
Upper Interbed Aquifers
39N-5W
38 5adl 11/17/65 |- |22.5
39 6dcl 11/23/65 |53 |27.5
40 7cdl - - |62
41 7da2? - - |56
42  Average - 2

Middle Artesian Zone
39N=5W

43 7bel 11/24/65 |68 '34

Lower Artesian Zomne

39N-5W
44 Tbal 11/16/65 75

2
45 8bal 11/16/65 77 22.
2

46 Average -
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27.2 12,2 17.5
141.0 50.1 23.1

24.6 10.2 14.7

29.2 8.5 17.5

36 10.9 22.4
28.0 10.0 14.7
38.2 10.9 18.7
8.4 7.3 17.5
31.2 9.1 17.5
36 15.8 15.5
65.2 23.1 18.9
29.4 8.5 17.5
25.4 8.54 16.8
32 11 17

42 13.2 18.9
32.2 11.5 14.7
32 14 16

30 13 -

35.1 13.2 16.5

22 11 25

25.4 7.95 84
20.6 4.9 71.5
23 6.4 72
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172
151

184
146

268
172
159
190

239
176
lel

140

178

190

328
274
301

w
O W=~
N Oy W
[Nl

OO0

0.5 0.3 193 142

0.6 0.22 170 101

0.9 174 118
tr 1609 558
- 145 110
0.27 138 103
0.00 145 108
0.00 182 135
tr 147 113
0.00 224 140

tr 143 118
0.2 169 115
0.25 200 156

54 327 258
.4 165 108
.44 199 98
7 191 125

=N W

4 220 159
2 168 129
185 137

[=NeYal
w N

~ 154 128

1500

300

240
240
250
300
240
320
250
290
330

480
280
280

380
270
310

260

260

56 317 96
2 284 72

.4 286 84

W~
[= WV, ]

450
420

bypass
tap

tap
tap
tap
bypass
bypass

tap
bypass

tap
tap
tap

tap
bypass

bypass

bypass
bypass

NH,, 4.6 ppm.
Cafc. spec. cond.
NH3, 0.3 ppm.

NH3, 0.2 ppm.

Calc. spec. cond.

NH3, 0.2 ppm.

NHS’ 0.3 ppm.
Ave. of 13 anal.

NH3, 090 ppm.

Calc, spec., cond.;
Ave. of 5 Anal.(Ross 1965)

Calc., spec. cond.;
Ave. of 8 Anal.(Ross 1965)

Ave. of 4 Anal.

NH3, 0.30 ppm.

NH3, 0.5 ppm. _
NH3,0.20 ppm;CQ3, 1.29 ppm
Ave. of 2 Anal.




65

from the pump bypass valve, without going through the storage system, and
when the pump had been operating long enough for the water temperature to
stabilize, Data reported on Table 10 probably are very close to actual temp-
erature of water in the aguifer,

Iron

Accurate determination of dissolved iron actually present in the ground
water circulating in an aquifer is difficult, According tc Hem (1959, p. 60),
iron in ground water containing bicarbonaie mostly will be in the ferrous
state when pH is between 6 and 8. Most of the waters reported on Table 10
contain bicarbonate and have pH's between 7 and 8. At least 100 ppm
(parts per million; bicarbonate is present in 37 of the 42 analyses. When
waters contai*ling bicarbonate and ivon are exposed to oxygen, as when a
cample is collected at a pump, the following reaction can take place:

2

2Fe™" 4+ AHCO. + H,O + 0 y 2Fe (OH)3 + 4 CO,
< 7

3

The removal of bicarkonate ions from solution may have marked effect on the pH
of the water, If the sample is allowed to stand, the ferric hydroxide will settle
to the bottom of the container., Even if the analyst shakes the container care-
fully prior to withdrawing the aliquot for the iron determination, some of the
iron hydroxide may stick to the sides of the container and the distribution of the
suspended iron hydroxide within the shaken sample may not be uniform., If the
container is not shaken, the amount of iron reported may depend upon the depth
into the container to which the pipette was insertaed when the aliquot was with-
drawn. Another problem is caused by contamination by iron rust from well
casings, pumps, storage tanks, and pipes in the distribution system. The
problems of iron in water are discussed by Hem (1959, p. 58-66).

Ross (1965, p. 75-7&! minimizederrors caused by oxidation of dissolved
iron by making determinations by standard laboratory colorometric methods
within 12 hours of ccllection., Most of the data on iron in Table 10 are from
Ross or were also determined within 12 hours of sample collection. Where the
sample was collected from a valve that bypassed the storage system, the data
on iron on Table 10 probably are very close to the dissolved iron actually pre-
sent in the water circulating in the aquifer (plus any contamination from the
well or pump; . The iron reported for analyses 8, 29, 36, 38, and 39 was deter-
mined in the fmeld with a La Motte Chemical Products Company kit that is ac-
curate to about 4+ ppm iron in the range of 0 to 4 ppm and to 1 ppm in the range
of 4 to 10 ppm. Determmatlons were made immediately upon collection of the
sample, Determinations by the field kit are reported in fractions rather than
decimals,

lron reported in analyses 2, 25, 33, 34, 40, 41, 43 and 45 on Table 10
and the "laboratory” iron reported on Table 1l were reported by the analytical
laboratories. The data probably represent the iron in solution and part of the
iron hydroxide in suspension at the time of analysis,

Acidization of water samples to keep iron in solution until time of analyses
was attempted (Rainwater and Thatcher, 1960, p. 28). Results were erratic and
time did not permit working out the problems with the acidization procedures.
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Bicarbonate (Field)

Bicarbonate and carbonate content (alkalinity) of water samples can change
with time after collection of the sample. In the aquifer, the carbon dioxide-
bicarbonate-carbonate system is in equilibrium with respect to the pressure
and temperature of the ground water. Fringing the water to the surface reduces
the pressure and commonly increases the temperature; solubility of carbon
dioxide in water decreases with decrease in pressure and increase in tempera-
ture. The carbon dioxide-bicarbonate~carbonate system in the water sample
tends towards a new state of equilibrium with respect to atmospheric pressure
and prevailing temperature, generally losing carbon dioxide in the process.
(Hem, p. 46). One of the possible reactions is:

u" + Coy —> HCO4 + H —> H,CO3 —\H,0 + coz"L
N N N
pH > 8.2 pH 4.5 ~ 8.2

Because hydrogen ions are used up by this reaction, pH of the water will change
unless some buffering reaction also takes place. A bicarbonate-carbonate
determination made as soon as a sample is collected directly from a pump should
be very close to the actual bicarbonate-carbonate content of the water within

the aquifer, If the sample is collected from a storage system, the bicarbonate-
carbonate content may raflect the equilibrium under the conditions in the stor-
age system, rather than in the aquifer.

We determined the bicarbonate-carbonate content of waters from 17 wells
in the field using a LaMotte Chemical Products Company kit. End points of
the titrations were determined with a Beckman N2 pH meter. The field proce~
dure is substantilly the same as standard laboratory procedure and has equiva-
lent accuracy. Only 6 of the samples were collected directly from the pump.

Fluoride

Most of the fluoride determinations reported on Table 10 were done with a
LaMotte Chemical Products Company kit. The kit probably is accurate to 0.1°
ppm fluoride. The fluorides reported for analyses 25, 33, 40, 43, and 45
were determined by the analytical laboratory. Fluoride content probably does
not change with time after collection of a sample.

Specific Conductivity

Specific conductivities reported on Table 10 were measured in the field with
a battery-powered Industrial Instruments " SoluBridge" meter equipped with a
polystyrene dip cell. Specific conductivities were also measured by the De-
partment of Agricultural Biochemistry and Soils on another "SoluBridge".
Side~by-side comparison readings on the same water samples showed that the
laboratory instrument consistently read 10 percent higher than the field instru-
ment (Ross, 1965, p. 68)., Because we have many more readings with the field
instrument than the laboratory instrument, all laboratory readings were converted
to equivalent field readings by deducting 10 percent from the laboratory readings.
On Table 10 and 11, data from the Department of Agricultural Biochemistry and
Soils are reported as equivalent field readings.
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Specific conductivity can change betwesn the time that a water sample
is collected and the time of the analysis if some of the dissolved constitu~
tents precipitate. Precipitation of calcium carbonate is an sxample.

pH (Field)

The pH measurad at the time & ampl-: is ca\ll"’ ted commonly differs
from the pH measured when the sample i3 analyzed. In addition to changes
caused by upsetting of the carbon dioxide-bicarbonate-carbonate equili-
brium, changes may be the result of hydrolysisz, oxidation, precipitation
(such as calcium cam@ndm” or akbs "’p v of fumes from the laboratory
(Rainwater and Thatcher, 1950, p. 257-238),

A pH measured at the time the sample is coliacted directly from the
pump should be close to the actual pH of water circulating in the aquifer. If
the sample is collected from a stofage syster, tha pH may reflect conditions
in the storage system rather than in the aquifsr,

We measured pH in the field for 28 of tie water analyses reported on
Table 10 using a Beckman N2 portable pH meter ., The apparatus probably
was accurate to 0.1 pH unit., The watsr was collected directly from the pump
in 13 of the samples.

The pH is one of the most important factors influencing reaction rates
in aqueous sysiemsS. Data on field pH of freshly pumped waters should be
useful in studies of geochemistry of ground water., UUnfortunately, we were
able to collect tco few data to serve as a basis for conclusions.,

omparison of Field and Laboratory Data

The differences between field data and iaboratory data on iron, bicarbonate,
pH and specific conductivity are summarized on Table 11, Samples collected
directly from a pump bypass valve are cnnsidris:d separately from samples
collected from a storage system or dippad Zrom an open well, The samples
collected from the bypasses probably are very close to the composition of water
circulating in the aquifer whereas samples collected from storage systems or
dipped from open wells probakly have been modifiad,

Because of the close velations between changes in iron, bicarbonate, and
pH, the causes wiil be discussed together following a description of the changes.
Causes of change in speciiic corductivity will be discussed with the descrip-
tion of the changes.

Iron

Field iron was at least 0.1 pom in 2% of the samples collected. Table 11
shows that field iron was higher than laboratory iron in 15 of the 20 samples. Of
the 7 samples collected directly from pump bypass valves, field iron is higher
in 4 and the same as laboratory iron in 1. Of the I3 samples collected from stor-
age systems or dipped from open wells, field iron is higher than laboratory iron
in 11. These data show that at least part of the dissolved iron originally pre-
sent in the samples generally had precipitated pricr to the laboratory analysis.,
Field determination, even for water from storage systems or open wells, is more
representative of the iron present in the ground waters in the aquifer than labora-
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tory determination from samples that have been standing for various lengths of
time prior to analysis,

No geochemical reason exists for laboratory iron to be higher than field
jron. The 5 analyses with higher laboratory iron probably are erroneous:
causes could be contaminated sample containers or mistakes by the analyst
in either the field or laboratory determination.

Bicarbonate

According to Hem (1959, p. 97), reproducibility of bicarbonate-carbonate
determinations (alkalinity) cannot be expected to be closer than 2 to 5 percent
from duplicate samples. The data on Table 1l show differences of at least
5 percent in 14 of the 17 duplicate analyses. Field bicarbonate is higher in
12 of the 14. The data show a change in the carbon dioxide~bicarbonate-
carbonate equilibrium in the samples between the time of collection and the
time of analysis.

The two analyses (7 and 19) that show increases of bicarbonate in the laboratory
analyses had field bicarbonates that were much lower than most of the Moscow
basin waters, The increase may be due to absorption of carbon dioxide at the
time the sample was collected followed by displacement of the equilibrium
while the sample was in storage prior to analysis,

PH

According to Hem (1959, p. 49), accuracy of pH measurements with pH
meters is 0.1 pH unit, either in the laboratory or in the field. However, dif-
ferences of several tenths between field and laboratory measurements can be
the results of changes in the sample after collection.

Field pH differs from laboratory pH by at least 0.1 pH unit in 31 of the 38
samples reported in Table 1l. TField pH is higher than laboratory pH in 19 of
the 31 samples.

For 11 of the 13 samples collected directly from the pump bypass, field pH
differs from laboratory pH by at least 0.1 pH unit, and is higher in 8. For 18 of
the 25 samples collected from storage systems or dipped from open wells,
tield pH differs from laboratory pH by at least 0.1 pH unit, and is higher in 10.

Interrelations Between Iron, Bicarbonate, and pH

Bringing a sample of Moscow basin ground water to the surface changes
three physical-chemical conditions that influence the carbon dioxide-bicarbo-
nate-carbonate equilibrium and buffering system and the solubility of dissolved
iron:

1. Pressure on the water is reduced to atmospheric pressure,

2. Temperature becomes greater or smaller, depending upon
relations between ground water temperature and air tempera-
ture at the time of collection and during storage prior to
analysis.
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Table 11, Comparison of Laboratory Data with Field Data from Chemical Analyses
of Ground Waters from Moscow, Basin, Idaho

Differences: TField value minus laboratory value

Number Iron }/ Bicarbonate Specific Conductivity
Source Table 10 ppm ppm % pH Micromhos %
Surficial Aquifers
Samples collected from 3 +0.,45 ~-10 -2
bypass valves on pumps. 10 =0.55 ~25 =13
12 +0.20 -20 -10
14 -4.15 -19 -11 +0.05 +40 +17
16 +0.,24 -0.15 -40 -8
Samples collected from 1 -5 -3 -0.1 +95 +43"
taps in pressure systems 2 ~-17 -11 +0.35 ~-10 -4
or dipped from open wells, 4 +0.55 -25 -5
5 +0.6 -25 -12
6 -1.5 +0.35 -15 -6
7 ~2.3 +22 +90 +2.15 +10 +2
8 -1 +0.10 +10 +5
9 -0.08 ~-0.,2 -40 -18
11 +0.39 +0.05 +40 +5
13 +1 +3 +0,05 =15 -5
15 -10.6 -0.50 -20 -10
17 -0.2 +10 +12
18 -1.60 -0.45 +5 +4
19 +0.20 +7 +12 +0,15 +100 +125
20 -0.45 -0.2 +25 -10
21 -10.0 -11 -11 -0.4 +50 +6
Upper Artesian Zone
Samples collected from 23 ~7.55 -0.5 -30 -10
bypass valves on pumps. 29 0.0 -20 -12 +0.25 +30 +12
30 -5.05 -0.35 -50 -16
32 -21 -0.05 -20 -7
39 -13 -7 =0.30 0 0
Samples collected from 24 -241,07 -53 -100 -2.70 +210 +12
taps in pressure systems 26 -0.1 -24 -14 +0.05 -15 -6 -
or dipped from open wells. 27 +0.15 -25 -10
28 +0.27 -0.35 -30 -10.
31 0.0 -70 -28
34 -11 -4 +0.05 -30 -6
35 ' +0.2 -100 -36
36 -51 -24 -0.15 +35 +12
38 -61 -20 -0.65 -20 -5
Middle and Lower Artesian Zones
Samples collected from 43 -14 -7 -0.30
bypass valve on pump 44 +2.9 -42 -11 -0.85
45 -14 -11 -0.95

1/ Differences in iron are shown only for those analyses in which field iron is greater
than 0.1 ppm.
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3. Oxygen is added to the system,

Solubility of carbon dioxide in water varies directly with pressure and inver-
sely with temperature., Reduction of pressure causes loss of carbon dioxide until
equilibrium is reached with the partial pressure of atmospheric carbon dioxide.
An increase in temperature could also cause loss of carbon dioxide. On the
other hand, most of the samples collected in Moscow basin were held under re-
frigeration from a few hours after collection until analysis, If air was present
in the container, refrigeration at a temperature below ground water temperature
could result in carbon dioxide going into solution.

Exposure of the sample to atmospheric oxygen is almost impossible to
avoid during collection, The oxygen will oxidize ferrous iron and cause it to
precipitate as ferric hydroxide, removing bicarbonate from the system in the pro-
cess.,

The net result of these three changes should be lower laboratory values for
determinations of iron, bicarbonate, and pH. In Moscow basin samples (Tab. 11),
laboratory values are significantly lower in many of the duplicate determinations:

Percent of Samples Analyzed in Which

Tactor Laboratory Values are Lower than Field Values
Jron 75
Bicarbonate 85
pH 61

These data show that precipitation of iron and changing of the carbon dioxide-
bicarbonate-carbonate equilibrium and buffering system were common processes
during the storage of the Moscow basin samples. Other processes might also
be at work. In 16 of the analyses on Table li, at least one of the three factors is
significantly higher in the laboratory analysis. Higher laboratory iron has been
discounted as probably the result of errors, and too few data are available on
field bicarbonate to warrant conclusions. Only two analyses (7 and 19) show sig-
nificant increases in both bicarbonate and pH; 14 analyses show significant in-
creases in pH.

Specific Conductivity

According to Hem {1959, p. 43}, differences of as much as 10 percent between
field and laboratory determinations of specific conductivity should not be re-
garded as significant. Laboratory specific conductivity shown on Table 1l has
been corrected to remove the effect of the consistently 10 percent higher readings
with the laboratory instrument. After the correction is applied, 13 of the 35 dupli-
cate determinations differ by more than 10 percent: 4 are from waters collected
from pump bypass valves,

No pattern is apparent; in about half of the readings, field specific conducti-
vity is higher and in about half of the readings, laboratory specific conductivity
is higher., Field specific conductivity is higher in about half of the samples
drawn from the pump bypasses and is higher in about half of the samples withdrawn
from storage systems or dipped from open wells. The lack of consistent pattern
suggests that the differences are largely caused by mistakes in taking the readings.
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One cause of mistakes would be in the setting of the temperature correction
on the instrument; relatively small errors in temperature correction can lead
to relatively large errors in specific conductivity.

Chemical Quality of Ground Water in Moscow Basin

Quality of Water Diagrams

To aid discussion of chemical quality of water, two standard diagrams
are used: the Collins diagram and the Piper diagram. The Collins diagram
is a bar diagram used toc show the relations of cations and anions for typical
and unusual waters from each aquifer, (For an example, see Fig. 20). Most
of the Collins diagrams used are in weight units: one Collins diagram is in
percent by weight,

The Piper diagram is three-field, tri-linear diagram on which an analysis in
percent by weight plots as a point in each field (for an example, see Fig., 21).
The left tri-angular field is the cation field, the right triangular field is the
anion field, and the combined relations of cations and anions are shown in
the central diamond field, Construction and interpretation of the diagrams are
discussed by Hem (1959, p. 168-172; 178, 182-184).

Both of the diagrams utilize equivalent weight units (equivalents per
million) rather than the parts per million used in Table 10. The Department of
Agricultural Biochemistry and Soils reported analyses in equivalent weight units

that were converted to parts per million by use of conversion factors in Hem
(1959, p. 32). In the Collins diagrams, iron and silica in parts per million are
shown by auxiliary bars.

Ratios and percentages of chemical data from Table 10 (expressed in equiva-
lent units) are given in Table 12,

General Quality of Moscow Basin Ground Waters

Most of the ground waters in Moscow basin have rather similar chemical
analyses. Nearly all of them plot in the left-central portion of the diamond
field of the FPiper diagram (Fig. 18). Analyses plotting in this part of the field
are characterized by calcium plus magnesium being more abundant than sodium
plus potassium and by bicarbonate plus carbonate being more abundant than
sulfate plus chloride. The percentage data on Table 12 show that in most of the
analyses, calcium makes up almost half of the cations and bicarbonate makes
up at least three~fourths of the anions.

In a simple classification of waters based on dominant cation and dominant
anion, most of the Moscow basin waters are calcium bicarbonate waters., The
three analyses that plot in the upper part of the central field are calcium sulfate
waters and the two that plot in the lower part of the field are sodium bicarbonate
waters,

Distribution of iron content, as shown on Figure 18, shows little relation
to the distribution of major cations and anions. The three calcium sulfate
waters do have high contents of iron, but so do some of the calcium bicarbonate
waters., Silica contents of Moscow basin waters are relatively high compared
to most ground waters, High-iron waters are common in both the surficial
aquifers and the upper artesian zone in the vicinity of the clay deposits east



EXPLANATION

Area of circle in diamond field indicates iron in parts per million.

° Less than 0.3 ppm iron. O 10-15 ppm iron.
o) 03-1.0 ppm iron.
@) | -5ppm iron. more than |15 ppm iron;
: figures in middle are
O 5-10ppm iron. iron in ppm.
FIGURE 18.

SUMMARY OF CHEMICAL CHARACTER OF WATER FROM ALL AQUIFERS

Moscow Basin, Idaho
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of Moscow (Figs., 22 and 26). Origin of iron and silica in Moscow basin
waters will be discussed below,

Some waters in Moscow basin, especially in the surficial aquifers,
show evidence of contamination from fertilizers or septic tank effluents.
High-nitrogen fertilizers commonly are used in farming in the vicinity of
Moscow and septic tanks are numerous outside of the city limits, Accord-
ing to Hem (1959, p. 118), where nitrate in water is derived from organic
poliution, the high nitrate commonly is accompanied by high chloride.

In Moscow basin, waters believed to be free from contamination generally
contain less than I ppm nitrate and less than 20 ppm chlorides. Higher
nitrates alone suggest contamination from fertilizers whereas higher nit-
rates plus high chlorides suggest contamination from septic tank effluent
or barn-yard wastes, TFor the purposes of our Moscow basin study, we
suggest that waters containing more than 10 ppm nitrates but less than 30
ppm chlorides should be suspected of possible contamination from ferti-
lizers whereas waters containing more than 10 ppm nitrates plus more than
30 ppm chiorides should be suspected of possible contamination from
septic tank effluent.

Relations of Specific Conductivity to Total Dissolved Solids

The relation between specific conductivity and total dissolved solids
may be expresses as (Hem, 1959, p. 49):

(s.c.) (&) =(T.D.S.)

If specific conductivity is expressed in micromhos/cm at 25° C, total dis-
solved solids will be in parts per million. The factor "A" will have a value
ranging from 0.5 to 1.0 and, unless the water is of unusual composition,
will be between 0.55 and 0.75. In a group of waters of generally similar
composition that have common origin, A will approach a constant and can
be used to corvert specific conductivities to reasonable approximations of
total dissolved solids.

In Figure 19, field specific conductivity of the analyzed samples of
Moscow basin waters are plotted against calculated total dissolved solids.
Waters that are thought to be contaminated are omitted. Waters from the sur-
ficial aquifers are plotted separately from the waters from the artesian aquifers.
In both plots, the analyses fall very close to a straight line and the slope
of the line indicates that the value of Ais 0.60 for waters both from the sur-
ficial and the artesian aquifers.

Distribution of pH

Ross (1965, p, 64-65) briefly discussed pH of waters in Moscow basin,
She published an isogam map of pH in the "upper confined aquifer" that indi-
cated regular changes from one part of the aquifer to another. The map was
based on unpublished data in the files of the Idaho Bureau of Mines and
Geology. Source of the data and method of determination are not known,

The pH data that we collected, especially the field pH data, do not show
any simple, regular change in pH from one part of of an aquifer to another,
The differences between laboratory pH and field pH indicate the unreliability
of pH data from unknown sources obtained by unknown means.
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Distribution of pH in the Moscow basin ground waters is more complex
than it seemed to be at the time of Ross’ preliminary report. The data at hand
at the end of our study do not justify any attempts at isogam maps of pH in
Moscow basin ground waters.

Quality of Water from the Surficial Aquifers

Ground waters from two different geologic environments, surficial sedi-
ments and crystalline rocks, have been included in the surficial aquifers.
Little significant differences are present between the waters from the two en-
vironments. Relatively high nitrates and chlorides in several analyses pro-
bably are the result of contamination,

Four of the analyses are compared in a Collins diagram in Figure 20,
Analyses 10 and 13 are typical waters; analysis 1l shows possible contami-
nation; analysis 7 is an abnormal natural water. Analysis 10 is from well
39N-5W=-12akbl, a dug well about 50 feet deep in weathered granitic rock
near the upper edge of Moscow basin, Total dissolved solids is 127 ppm,
about average for the uncontaminated waters from the surficial aquifers.
Analysis 13 is from well 39N-5W-16bcl, a dug well 18 feet deep in surficial
sediments near the center of the basin. Total dissolved solids is 208 ppm,
which is high for uncontaminated waters from the surficial aquifers, but
chlorides and nitrates are low. Analysis 1l is from well 39N-5W-9bcl, a
dug well 18 feet deep in surficial sediments near the center of Moscow basin,
Total dissolved solids is 500 ppm and chlorides and nitrates kboth are high;
the water in this well may have been contaminated by septic tank effluent.
Analysis 7 is from well 39N-5W-9ccl, a drilled well 160 feet deep in surfi-
cial materials and perhaps into weathered granitic rocks in the area of high-
iron waters near the clay deposits east of Moscow (Figs. 22 and 26), Total
dissolved solids is 321 ppm, rather high for uncontaminated waters from the
surficial aquifers. The water is abnormal in that sulfate is the dominant
anion; iron is high, 3.6 ppm. Nitrates and chlorides are normal; the water
probably is not contaminated,

Relations of 21 analyses of water from the surficial aquifers are shown
on a Piper diagram in Figure 21. High-~nitrate analyses 3, 4, 11, and 21
also are high chloride and indicate possible contamination from septic tank
effluent; high nitfate analysis 16 is barely below the minimum value that in-
dicates septic tank effluent contamination; high-nitrate analyses 2 and 9
indicate possible contamination from fertifizers. Analysis 7 plots near the
"upper vertices of the central field and anion field. Except for analyses 7
and 21, the analyses with more than 0.3 ppm iron plot to the left of the cen-
tral field and cluster near the bicarbonate vertex of the anion field; however,
these analyses are scattered in the cation field. When analyses 3, 4, 7, 11,
and 21 are excluded, the average of the analyses plots well to the left of
the central field.

Only 8 of the 21 analyses, or 38 percent, show more than 0.3 ppm iron.
Iron contents of water from 80 wells and springs in the surficial aquifers
(Ross, 1965) are shown in Figures 22 and 26. Distribution of the iron con-
tents is:

Iron Number of Iron Number of
ppm - Analyses ppm Analyses

0.0-0.1 48 3-10 8
0.1-0.3 12 1015 2
0.3-1.9 10
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These data indicate that excessive iron is only moderately common in waters
from the surficial aquifers: only 20 of 80 analyses, or 25 percent, have iron
in excess of the U.S. Public Health Service recommended maximum of 0.3
ppm. The somewhat higher percentage shown in Figure 21 probably is the
result of selective sampling of high-iron waters., The data points on Figure
22 seem too scattered to justify drawing of contours. However, higher
values seem to be more common in ine vicinity of the high-iron clay deposits
to the east of Moscow,

Distribution of specific conductivity of waters from about 135 wells in
the surficial aquifers (koss, 1965) is shown in Figure 23, Two controls of
specific conductiviiy are present; one is natural and the other is artificial,
The natural conirel is length of travel as groundwater and length of time that
the water has keen in contact with the rocks, Waters at the outer--and
higher--margins of the basin generally have lower specific conductivity than
waters nearer the center of the basin; part of the waters in the center of the
basin have moved down the water-table gradient from higher areas in the
basin. This control is shown by the 100 and 200 micromho isopleths.,

The artificial control is contamination that causes local, anomalously
high readings., In drawing the isopleths for Figure 23, readings that seemed
anomalously high for the position in the basin were ignored because of pos-
sible contamination., However, scme of the anomalous readings could be
the result of natural processes., The 300 micromho isopleth may be influenced
by welis which have water that is affected by contamination. The area inside
of the 300 micromho iscpleth contains many septic tanks and some farm land;
several chemical analyses from wsalls inside the 300 micromho isopleth con-
tain both high nitrate and high chloride.

Quality of Water from the Upper Artesian Zone

We studizd the waters of the upper basalt separately from the waters of
the upper interbed to see if any significant differences were present., None
were detected. Waters from only two wsalls in the upper artesian zone showed
evidence of possible contamination.

Four of the analyses are compared on a Collins diagram in Figure 24, Ana-
lysis 32 is typical water from the upper basalt; analysis 39 is typical water
from the upper interbed; analysis 40 is more-or-less normal water from the up-
per interbed that shows the highest silica content reported from Moscow basin;
and analysis 24 is an abnormal water from the upper basalt that has the highest
iron content reported in Moscow basin.,

Analysis 32 is from well 39N-5W-16bal, a drilled well in basalt 160 feet
deep near the contact with the crystalline basement and in the area of high-iron
waters near the clay deposits east of Moscow. Total dissolved solids is 169
ppm, which is rather low compared to the average for waters from basalts,
Analysis 39 is from well 39N-5W-tbcl, a drilled well 376 feet deep in the up-
per interbed near the central part of Moscow basin and about a mile from the
contact with the crystalline basement. Total dissolved solids is 168 ppm,
which is low for watsrs from the upper interbed., Analysis 40 is the average of 5
analyses (Ross, 1965, Tab. XVI} of waters from well 39N-5W-7cdl (University
2), a drilled well 355 feet deep in the upper interbed near the center of Moscow
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basin. Total dissolved solids is 185 ppm, about average for waters from the
upper interbed. Silica was reported in only 1 of the 5 analyses; therefore,
the 62 ppm value lacks verification., Difierences between analysis 40 and
and analyses 32 and 39 are small; analysis 40 does show slightly higher
sulfate.

Analysis 24 is from well 39N-5W-5dal, a drilled well 186 feet deep in
the upper basalt near the contact with the crystailine basement and in the
area of high-iron waters near the clay deposits east of Moscow. Total dis-
solved solids is 1609 ppm, almost a thousand ppm higher than that of any un-
contaminated Moscow basin water. Iron content is very high; 2 analyses
by R, W, Jones were 240 and 260 ppm. An analysis in the files of the Moscow
office of Culligan Soft Water Service showed 268 ppm (Culligan analysis
N21678¢, File No. 11-120, Culligan Laboratories, Northbrook, Illinois;
analyzed October 7, 1965}, The analysis by the Department of Agricultural
Biochemistry and Scils shows only 12 ppm, but the analyst stated that the
results were not accurate owing to precipitation of very large amounts of
iron hydroxide., In addition to high iron and high total dissolved solids, ana-
lysis 49 also is abnormal in that sulfate is by far the most abundant anion,

The high-irori water shown in analysis 24 has limited areal extent, Ana-
lysis 38 is from well 5ad!, which is only a few hundred vards from well 5dal.
Well 5adl is deeper~--405 feet--and taps the upper interbed. Iron in analy-
sis 38 is 33 ppm, a value that is rather high but within the range of values
shown by a number of other wells in Moscow basin. The waters in analysis
38 are normal calcium bicarbonate waters, Nearby wells in the surficial
aquifers, Sabl and 5 acl, apparently have normal waters although complete
analyses were not obtained. Well 5abl is a drilled well 80 feet deep tapping
a sand bed in the surficial aquifers; field specific conductivity is 195 mic-
romhos and field pH is €.95. Iron was not determined but no evidence of
high iron content was present in the water, Well 5acl is a drilled well 110
feet deep; field specific conductivity is 215 micromhos, field pH is 7.15,
and field iron is 0.0 ppm.

Relations of 18 analyses of waters from the upper artesian zone are
shown on a Piper diagram in Figure 25. Compared to the analyses from the
surficial aquifers (Fig. 21}, most of the analyses from the upper artesian
zone plot within a smaller area, indicating a greater uniformity of quality
of water. The area in which the upper artesian zone analyses plot is over-
lapped by the area in which the surficial aquifer analyses plot,

Very little evidence of contamination is present in the upper artesian
zone analyses. Analysis 35, the only analysis with more than 10 ppm nitrate,
has only 9 ppm chlorides and plots in the middle of a group of low-nitrate
analyses., Analysis 34, the only analysis with more than 30 ppm chloride,
has only 3.54 ppm nitrate. Analysis 35 may show evidence of contamination
from fertilizers, but analysis 34 is below the limits that are considered evi-
dence of contamination for both nitrate and chloride.

Unlike the surficial aquifers, the analyses with more than 0.3 ppm
iron do not group, but are scattered in all three fields of the Piper diagram.
The anion triangle shows that several analyses (30,33, 34, 40j have sulfate
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contents that are relatively higher than in any of the normal waters of the
surficial aquifers. Analysis 24 plots near the upper vertices of the anion
field and central field because of the dominance of the sulfate ion. When
analysis 24 is excluded, thes two averags analyses (37, average for waters
from upper basalt and 42, average for waters from upper interbed) plot very
close together in all fields.

Of the 18 analvses plotted in Figure 25, 14 (78 percent) show more than
0.3 ppm iron. Iron contents of waters from 32 wells in the upper artesian
zone (Ross, 1965) are shown in Figure 26. Distribution of the iron contents
is:

Iron Number of Iron Number of

ppm Analyses pom Analyses
0.0-0.1 8 3-10 8
0.1-0.3 3 10-15 2
0.3-1.0 7 250 1
1.0-3 4

These data show that excessive iron is very common in waters from the up-
per artesian zone; 22 of the 33 analyses (66 percent) show iron in excess of
the 0,3 ppm maximum recommended by the U.S. Public Health Service. The
somewhat higher percentage of high-iron waters shown on Figure 25 is the
result of selective sampling of high-iron waters. The 3 ppm isopleth on
Figure 26 encloses an area in which most of the waters analyzed contain
more than 3 ppm iron, This area sezems to have a close relation to the high-
iron clay deposits,

Distribution of specific conductivity of waters from about 25 wells in
the upper artesian zone (Ross, 1965) is shown in Figure 27, Values of specific
conductivity that seemed ancmalous for their position in the basin were ignored
in drawing the isopleths., [t should be noted that the unusual waters shown
in analysis 24 indicate that at least some of the anomalous values are natural.

Ross (1965, p. 71} noted areas of consistently high specific conductivity
along the lower reaches of the South Fork Palouse River and suggested that
the higher values are the result of high specific conductivity waters percola-
ting down from the river. These areas are shown by the 300 and 400 micromho
isopleths on Figure 27. Infiltration studies by Williams and Allman (1969)
show that recharge does take place along the lower reaches of South Fork
Palouse River during the spring runoff, A closure of the 300 micromho iso-
pleth in the western part of the City of Moscow is based on calculated speci-
fic conductivities for University Wells 1 and 2. If the data are correct, the
higher specific conductivity could be the result of longer time underground and
greater length of travel of the water.

Quality of Water from the Middle and Lower Artesian Zones

Only one analysis is available of water from the middle artesian zone and
only two are available from the iower artesian zone, The three analyses are
shown on a Collins diagram in Figure 28 and on a Piper diagram in Figure 29.

Analysis 43 is from well 39N-5W-7bcl (University 3), a drilled well 1336
feet deep that obtains water from the middle artesian zone through perforations
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in the casing between depths of 661 and 776 feet. Total dissolved solids is
170 ppm, somewhat lower than the average for the upper artesian zone. The
Collins diagram shows a somewhat different cation distribution compared to
the upper artesian zone and surficial aquifers: sodium is relatively more abun-
dant and calcium less abundant; magnesium is about the same. The differ-
ences in sodium and calcium cause the analysis to plot further towards the
sodium plus potassium vertex of the cation field of the Piper diagram and to
plot below the area of the upper artesian zone analyses in the central diamond;
analysis 43 is just within the lower part of the area of the surficial aquifer
analyses in the central diamond field,

Analysis 44 is from well 39N-5W-7bal (City Well 8), a drilled well pro-
ducing from depths of 1047 to 1263 feet in the lower artesian zone. Analysis
45 is from well 39N-5W-8bal (City Well 6), a drilled well producing from
depths of 982 to 1308 feet in the lower artesian zone., Total dissolved solids
are 317 ppm in analysis 44 and 284 ppm in analysis 45, about 100 ppm higher
than the averages from the upper artesian zone. On the Collins diagram,
the two analyses show cation patterns very similar to each other but very
different from any other Moscow basin ground water: sodium is the dominant
cation. Bicarbonate is still the dominant anion. On the Piper diagram, ana-
lyses 44 and 45 plot almost at the same point. In the cation field, they plot
much further towards the sodium vertex than any other analysis because of
the dominance of sodium. In the central field, they plot well below the
areas in which the other analyses plot.

Analyses of water from Pullman, Washington wells (Foxworthy and Wash-
burn, 1963, Fig. 11, p. 30) plot in about the same place on a Piper diagram
as analysis 43 (middle artesian zone). None of the waters analyzed in the
vicinity of Pullman plot in the same area as analyses 44 and 45 (lower arte-
sian zone).

Geochemical Evolution of Ground Water

Hem (195, 201-220) presents a relatively extensive discussion of the re-
lations of quality of water to geologic conditions. Relations of water quality
to mineralogical composition of the rocks in an aquifer depend upon the stab-
ility toward water or solubility in water of the individual mineral species pre-
sent in the rock. A very soluble mineral present only in trace amounts may
have profound influence on the quality of ground water. Differences in climate,
or in weathering can produce very different types of waters from essentially
similar original rocks., Because of these complications, quality of water can
be related to rock types only in a general way.

Water which falls as precipitation along the upper parts of Moscow basin
can move through a variety of rock types as it migrates down into the artesian
aquifers in the central part of the basin, Some of the water passes through a
sequence of:

1. Soil derived from crystalline rocks or from loess,

2, Weathered crystalline rocks--granite or quartzite.

3. Unweathered crystalline rocks.

4, Surficial materials--loess; surficial sediments derived
from crystalline rocks or from loess.
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5, Interbeds--sedimentary materials derived from
crystalline rocks.,

6, Basalt--both weathered and unweathered.

This sequence is further complicated by the influence of past climates. The
climate was warmer and wetrer when the basalts were laid down and an event of .
tropical weathering was responsible for the clay deposits east of Moscow
(Hosterman and others, 1960, p. 1Ij. In Moscow basin, relations between
quality of water and mineralogy of aquifers are complex.,

Origin of Principal ions

The four principal ions of Moscow basin ground waters are calcium, mag-
nesium, sodium, and bicarbonate. The most logical origin for calcium, mag-
nesium, and sodium is the weathering of feldspars and mafic minerals. The bi-
carbonate probably came from carbon dicxide picked up as the water fell through
the atmosphere or moved down through the zone of areation above the water table.
Calcium and bicarbonate also could have come from weathering of calcite veins
in the crystalline rocks,

Granitic rocks and feldspathic sedimentary rocks derived from granitic
rocks have relatively high sodium content because of the presence of large
amounts of feldspars in which sodium is more abundant than calcium and of pre~
cence of only small amounts of calcium-or magnesium-rich minerals such as
biotite, hornblends, or pyroxene. Weathering of the feldspar tends to make a
great deal of sodium available to be picked up by circulating ground waters.
Lesser amounts of calcium and magnesium are made available from the feldspars
and the mafic minerals.

Basalts have relatively high calcium and magnesium content because of the
presence of large amounts of feldspars in which calcium is more abundant than
sodium and of large amounts of calcium-and/or magnesium~rich minerals such
3s pyroxene and clivine. Weathering of basalt tends to make a great deal of
calcium and magnesium available to be picked up by circulating ground waters,
along with lesser amounts of sodium.

Relations between the chemical quality of water of each of the aquifers
are shown in two kinds of Collins diagrams in Figure 30, The upper diagram is
in weight units (epm) and the lower diagram is in percent by weight cations and
anions. Comparisons of differences between average analyses from each aquifer
are shown in Table 13,

The average analysis of waters from the suriicial aquifers (22) contains
only a little more sodium by weight than the average analysis of waters from
the upper basalts (37). The water from the upper basalt contains substantially
more magnesium, calcium, bicarbonate, sulfate, and total solids, The differ-
ence in sodium between the two analyses probably is not significant; the actual
difference in weight units is only 0.05 epm even though it makes a difference
of 11 percent., The increase in weight units of calcium and magnesium is signifi-
cant. The differences suggest that relatively sodium-rich waters with rather
low total solids moved down into the upper basalt and picked up additional
dissolved solids, The cations picked up are calcium and magnesium, which
are the cations that should be available in basalt., The increase in bicarbon-
ate could be the result of a change in the carbon dioxide-bicarbonate-carbonate



78

equilibrium when the positively-charged magnesium and calcium ions became
available to the system. The increase in sulfate could be from the alteration
of pyrite; pvrite is present in the basalts and clayey interbeds of the upper ar-
tesian zone,

Figure 30 and Table 13 show that water moving down from the upper arte-
sian zone through the middle artesian zone to the lower artesian undergoes
changes that cannot be explained in terms of the major minerals present in
the rocks. Total solids go up, as is to be expected with increasing distance
of travel as ground water. However, calcium and magnesium, the two cations
that would be expected in increase in basalt aquifers, actually decrease, both
in percent and in weight units,

The data show no change in magne sium between the upper and middle arte-
sian zones, but a decrease between the middie and lower artesian zones.
Calcium decreases between the upper and middle artesian zones and decrea-
ses again between the middle and lower artesian zones whereas sodium in-
creases between each of the zones. Bicarbonate is about the same in the up-
per and middle artesian zones, but increases substantially in the lower arte-
sian zone. Total sclids decreases somewhat between the upper and middle
artesian zones, but then increases substantially in the lower artesian zone.
The anomalous distribution of cations probably is the result of cation exchange
accompanied by precipitation and solution of ions.

Cation Exchange; Precipitation and Solution of ions

Cation exchange, also kncwn as base exchange, is the exchange of
cations in solution in water for cations loosely held in the crystal lattices
of the minerals in the aquifer. The exchange process is reversible and follows
the law of mass action; however, divalent cations are held more tightly than
monovalent cations in the crystal lattices., If a water containing abundant di-
valent cations passes through an aquifer containing an abundance of mineral
grains with loosely~-held monovalent cations, the divalent cations will be ex~
changed for monovalent cations. Principles of cation exchange are discussed
by Hem (1959, p. 219-223),

In Moscow basin, the divalent cations calcium and magnesium are exchanged
by the monovalent cation sodium as the water moves down through the middle
and lower artesian zones. The minerals involved in the exchange probably are
clay minerals. In the process, the waters are naturally softened.

The exchange processes and asscciated precipitation and solution of ions
are shown on a Piper diagram in Figure 3l. The changes are indicated by arrows
connecting the plots of the average analyses in the cation field and central
field. Because the Piper diagram is based on percentages and does not show
changes in dissolved solids, special symbels are used in the central field to
show the changes in total dissolved solids and in hardness.

Beginning with the plot of analysis 22, the average analysis of waters
from the surficial aquifers, an increase in relative amount of magnesium as the
water passes down into the upper artesian zone is shown by the average ana-
lyses of the upper artesian zone (analyses 37 and 42) plotting on the same
percent calcium line as analysis 22, Although the calcium by weight increases
by 0.26 epm, the total dissolved solids also increases so that percentage calcium
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Numbers refer to number of analysis on Table |10.

22. Surficial aquifers, average of |6 analyses.

37. Upper basalt aquifers of upper artesian zone; average of I3
analyses.

42. Upper interbed aquifers of upper artesian zone; average of 4 analyses.
43. Middle artesian zone, | analysis.

46. Lower artesion zone, average of 2 analyses.



Table 13.

Comparisons of Differences Between Average Analyses of Waters

from the Different Aquifers, Moscow Basin, Idaho

A. Differences between surficial aquifers and upper basalt aquifers.

Mg Ca Na + K HCO3 S04 Cl Total
percent percent percent percent percent percent solids
Analysis epm cation epm cation epm cation epm anion epm _anion epm anion epm
22 Surficial 0.48 18 1.24 48 0.87 32 2.28 86 0,11 4 0.26 10 5.24
37 Upper 0,89 27 1,60 48 0.82 22 3.12 83 0.40 1 0.24 © 7.07
+0.41 +9 +0.26 00 -0.05 =11 +0.29 -3 +0.29 +7 -0,02 -4 +1.83
B. Differences between upper basalts and middle artesian zone.
Mg Ca Na + K HCO3 S0, Cl Total
percent percent percent percent percent percent  solids
Analysis epm cation epm cation epm cation epm anion epm anion epm anion epm
27 Upper 0.89 27 1.60 48 0.82 22 3,12 83 0.40 11 0.24 6 7.07
43 Middle 0.90 28 1,12 35 1.20 37 3.1 91 0.09 3 0.20 6 6.62
+0,01 +1 -0.48 -7 +0.38 +15 -0.01 +8 ~-0.,31 -8 -0.04 O -0.45
C. Differences between middle artesian zone and lower artesian zone,
Mg Ca Na + K HCO04 S0y Cl Total
percent percent percent percent percent percent  solids
Analysis epm cation epm cation epm cation epm anion epm anion epm anion epm
43 Middle 0.90 28 1.12 35 1.20 37 3.1 91 0.09 3 0.20 © 6.62
46 Lower 0.52 11 1.15 23 3.29 65 4,95 88 0.29 5 0.39 7 10.59
-0.38 -27 +0.03 -12 +2.09 +28 +1,84 -3 +0.20 +2 +0.19 +1 +3.97
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remains the same., The increase in total dissolved solids is from 127 to 191

and 193 ppm and the hardness increases from 87 to 125 and 142 ppm as calcium
carbonate. The increase in hardness reflects the increase in calcium and magne-
sium by weight, probably by a solutional process. Lack of change in sodium

by weight suggests that no base exchange processes are involved.

Cation exchange and/or precipitation as the water passes into the middle
artesian zone are shown by the analysis from the middle artesian zone, analysis
43, plotting very nearly on the same percent magnesium line as the analyses
from the upper artesian zone. Calcium decreases and sodium increases, both
by weight and by percent, but the change in sodium is not as large as the change
in calcium. Much of the decrease in calcium is the result of exchange for sodium,
The rest of the decrease in calcium might be linked with the decrease in sul-
fate, suggesting precipitation of calcium sulfate-gypsum, Precipitation is sug-
gested by the decrease in total dissolved solids from 191 and 193 ppm to 170 ppm.
Exchange of calcium by sodium has naturally softened the water, reducing
the hardness from 125-142 ppm to 101 ppm as calcium carbonate.

Further cation exchange plus solution of additional ions as the water
passes into the lower artesian zone is shown by the average analysis of the lower
artesian zone, analysis 46, plotting near the sodium vertex of the cation field
and having a higher total dissolved solids--but lower hardness--compared to
the middle artesian zone., Calcium by weightis essentially the same as in
the middle artesian zone but magnesium by weight is substantially reduced.
Sodium by weight and bicarbonate by weight are substantially increased. Total
dissolved solids increased to 286 ppm. Removal of magnesium could be the re-
sult of a base exchange process that produced part of the sodium and caused the
reduction in hardness to 84 ppm as calcium carbonate. When the reduction in
equivalent weight of magnesium is subtracted from the increase in equivalent
weight of sodium, the remaining increase in sodium is 1.71 epm, which nearly
balances the increase of 1.84 epm of bicarbonate.

The increase by weight of scdium and bicarbonate might seem to be the re-
sult of direct solution of sodium bicarbonate in the lower artesian zone or of
the solution of sodium ions accompanied by a further shift in the carbon dioxide-
bicarbonate-carbonate equilibrium system. However, no source of sodium bi-
carbonate is known in the lower artesian aquifers of Moscow basin; mineralogy
and geology seem to be very similar to the upper and middle artesian zones.,
The higher total dissolved solids probably is simply the result of greater length
of time in contact with rocks as ground water. Perhaps the increase in sodium
is a two-step process., At some level between the middle and lower artesian
zones, the descending water picked up readily available calcium and magnesium
ions that caused a shift in the carbon dioxide-bicarbonate-carbonate equilibrium
that produced more bicarbonate ions and, for the first time in Moscow basin,
carbonate ions (analysis 45), Then, as the waters continued to descend, cal-
cium and magnesium were replaced by sodium through cation exchange processes.

Origin and Distribution of Iron and Silica

Origin and distribution of iron in the ground water was one of the original
goals of our study. We hoped that we would be able to relate iron contents to
some simple chemical or physical-chemical factors in the ground waters. We
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did not succeed,
Ross (1865, p. 83-88) determined the geohydrologic factors in the origin
and distribution of iron in the surficial aquifers and upper artesian zone and
showed that the somewhat higher than normal silica is related, in part, to

origin of the iron,

Relation of Iron Content to Chemisiry of Water

At the time that we did our field work, relations of solubilities of various
species of iron minerals had been worked out in relation to pH and oxidation
potential (Garrels and Christ, 1965, p. 178-223), Back and Barnes (1965)
reported on a field study where iron concentration varied systematically with
oxidation potential but showed little correlation to pH.

We had a portable pH meter, but we did not have the time to develop
techniques for measuring oxidation potentials of ground water in the field under
the conditions that prevail in Moscow basin. QOur pH data at least are conform-
able with the results of Back and Barnes. No relation+to iron contentis ap-
parent.

We attempted to relate iron content to pH, to concentrations of other ions,
to ratios of ions, and to temperature of ground water. Relations that were ex-
amined included field iron to pH (both laboratory and field), to bicarbonate
(both laboratory and field), to sulfate, to the ratio of bicarbonate to sulfate,
to chloride, and to temperature of ground water. On all plots, the points were
scattered and no relations were apparent between the factors plotted.

Origin of Iron in Ground Waters of Moscow Basin

When the areal distribution of iron is plotted, however, it becomes evi-
dent that high iron occurs either in water from granitic rocks or in water from
wells that are along the basalt-granitic rock contact, Almost all high iron
wells, whether in granitic rock or basalt, are in an area between the South Fork
of the Palouse River and Paradise Creek. In addition, the highest amounts of
iron occur in the upper artesian zone (Fig. 26 ).

Much of this area that is completely encircled by a zone of anomalously
high iron content is underlain by the Canfield-Rodgers clay deposit (Hite, 1930;
Schied, 1940' Hosterman and others, 1960). Most other high iron areas are
also in proximity to clay deposits, The eastern portion of the upper artesian
zone is recharged almost exclusively through these deposits,

Shallow wells and deep wells in areas away from clay or highly weathered
granitic rock generally are relatively iron free. Thus, it seems that iron is re-
lated to clay deposits.

According to Hosterman and others, (1360, p. 11-20), clay deposits in
northern Idaho and eastern Washington can be divided, by origin, into three
types: (1) residual clay formed from basalt, (2} residual clay from granitic rocks,
and (3) transported clay formed from granitic rocks, Table 14 compares the
chemical composition of the three types. The percentages of total ferric oxide
(Fez O3) and available ferric oxide are of special importance in determining the
origin of iron in the ground water., According to Hosterman and others (1960,

p. 10-11}:
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The ferric oxide (Pe203) in a clay deposit may be locked in
unweathered pyroxene, amphibols, biotite, magnetite, and il-
menite, but it may also be in such weathering products as geo-
thite, hematite, limonite, and iron-bearing clay minerals such
as nontreonite, Therefore, some of the total ferric oxide is
available, By definiticn, aveilable ferric oxide is the percen-
tage by weight of the ferric oxide in the calcined clay that is
soluble in a 20 percent sclution of sulfuric acid after boiling
for 1 hour...In general, the good drainage conditions that
help te produce kaclinite flush out the iron oxides. The iron
oxides in residual clay deposits usually increase with depth
as weathering effects become less pronounced,

The largest porticon of the Canfield-Rodgers deposit is transported clay
derived from granitic rock; some of the clay is residual from granitic rock,
and a very small portion is residual from basalt. In the transported clay,
almost all of the ferric oxide is classified as available, Much of this
available ferric oxide should be soluble by percolating ground water, al-
though the exact mechanism of sclution is not known,

Water in the surficial aquifers moves relatively slowly, and high iron
water cannot move far from the source. Normally, water high in iron in the
upper ccnfined zone does not move far from the clay deposits because of
the piezometric surface depression near the aquifer boundary.

However, during periods of heavy pumping of this aguifer, the piezo-
metric depressions are enlarged, or deepened, or both and are displaced
farther west cof the aquifer boundary. Thus, ground water high in iron from
the clay deposit moves away from the deposit, and is pumped from wells
farther west in Moscow basin. The effect was particularly noticeable in
the University of Idaho wells during the heavy pumping period of the 1950's.

Table 14

Average Chemical Properties of the Three Types of Clay in
Northern Idaho Clay Deposits

Residual Clays Transported
Clays
Basaltic (Granitic Granitic
Property (percent) (percent) (percent)

Ignition loss (700° C) 10,56 6,1 8.6
Total Alg0 30.1 21,3 24,8
Available &120 28.5 16.6 22.3
Recovery A12033 94,9 77.9 89,9
Total Pezo ‘ 9.4 4.0 4.9
Availablé Pe,0 5.4 3.1 4.2
Recovery Fe 03 57,4 77.5 85.7
Total Sif, 2 3 42,4 68,7 58.5
Total TiO2 6.4 0.4 1.0
Moisture” at i30° C 29.0 14,0 24,0

1 After Hosterman and others, 1960, p. 19,
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Although large amcunts of ircen from surficial clay deposits do not now
seem to affect the middie and lower artesian zones, it is probable that iron
content in water from these zones will increase at some future date. At
least some of the recharge o these lower aquifers must come through the
clay deposits at the eastern edge of *he aquifers; increased lowering of the
piezcometric surfaces should increase the amount of recharge from this area,

In addition, some silica undoubizdly also comes from weathering pro-
cesses that affect the basalt, This siiica would be in water that is relatively
iron free, such as that from the middi= artesian zone. Hem (1970. Table 12,
p. 106) cites two analyses of water from wells in Columbia River basalt that
are high in silica, yet low in iron,

Origin of Silica in Ground Water iv. Moscow Basin

Silica (Si0,) in almost all Moescow basin water is higher than the median
value of 17 mg71 for ground water guoted by Davis (1964). However, most
Moscow basin analyses are in the commenly observed range of 1 to around
30 mg/1 (Hem, 1970, p., 108). The U.S. Publi= Health Service does not
place a limit on silica in drinking water because it is not considesred a health
hazard in quantities found in most natural waters,

Silica, both as gquartz and in non-crystailine forms, is a major consti-
tuent of most rock types. Quartz, which is almost pure crystalline silica,
has a solubility at normal ground water temperatures and pH's of about
6 mg/l. However, the solubility ¢f siiica in amcrphous form has been reported
to be as high as 115 mg/l at 25° C (Mor<y and others, 1964).

Hem (1970, p. 104-1905}) points cut that "it seems probable. . .that most of
the dissolved silica...in natural water results criginally from the chemical
breakdown of silicate minerals in processes of weathering." The igneous
rccks of Moscow bhasin, formed at temperatures and pressures much different
from those to which they are now sukjected, are relatively prone to chemical
change., Our studies of welil logs and cuttings show that weathered granitic
rocks may extend more than 250 feet below ground surface.

Uniformly high siliza contant occur in water from all artesian zones as
well as from the surficial aquifers. Ewver where ircon content is relatively
low, silica is still high.

The weathering of granitic rock and clay minerals probably contributes
the greatest amount of silica to the water, Altschuler and others (1963,
p. 148-152) show that low temperature ccnversion of iron-and alumina-rich
montmoriilonite to kaclinite releases more than enough silica to account for
all of the silica in Moscow basin waters, Cliays in the interbed aquifers
between basalt fiows, as well as clay frem the Canfield~Rcedgers deposit,
would serve as a source of the silica,
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REIATIONS OF MOSCOW BASIN STUDIES TO MOSCOW=-PULLMAN GROUND WATER
PROBLEMS

Qur studies have been resiricted to the Moscow sub-basin of the larger
Moscow=Pullman ground-water basin of Idaho and Washington. The Moscow-
Pullman basin can be considered a hydrologic svstem in which two centers of
pumpage are present-=the Moscow center caused by pumpage at the City of
Moscow and the University of Idaho 2nd the Pullman center caused by pump-
age at the City of Pullmar and Washington State University. The results of
our studies of the Moscow sub-basin must be evaluated in terms of the entire
basin., In particular, we must examine the effect of pumpage at the Pullman
center on water levaels at the Moscow center and on interpretations of model
aquifer studies of the Moscow sub-=basin, In addition, we will describe a
model that could be used to study the complete Moscow-Pullman basin,

Effect of Pumpage at Pullman on Water Levels at Moscow

The apparently very large aquifer constants of the Columbia River Basalt
at Moscow indicate that radii of cones of influence of wells are very large
(Table 4), Mutual interference may exist between the well fields at the
two pumping centers and also between the image well array for the two cen-
ters, Therefore, water level fluctuations in the Moscow sub-basin may in-
clude a component that is the result of pumpage at the Pullman center. The
interference prcbably is on a braod szale related to the overall operation of
the two weall fields rather than to starting and stopping ¢f pumps on indivi-
dual wells. During cur studies, continucus water level recording gages
were coperated for at least short periods of time on wells in each of the three
artesian zones of the Moscow sub-basin. We did not see any water level
fluctuations that we are able to relate to operation of individual wells at
Pullman (See also Sokol, 1956},

In our section on water level fluctuations in the Moscow sub-basin, we
concliuded that the water table in the surficial aquifers of Moscow basin has
not declined in spite of the large decline of water levels in the upper artesian
zone, We interpreted this to mean that recharge is at least sufficient to bal-
ance the pumpage in the Moscow sub-basin, The same interpretation can be
applied to the Moscow-Pullman basin: lack of decline of water levels in the
surficial aquifers through 1965 indicates that recharge was sufficient to bal-
ance the combined pumpage of Moscow and Pullman through 1965. The only
availablie estimate for recharge to the Moscow-Pullman basin that utilizes
the equation of hydrologic equilibrium is that of Packer (1955). His figure
of 3.5 billion gallons annually is greater than the anticipated demand for the
Moscow-Pullman basin in the year 2000, If Packer's estimate is reasocnably
correct, recharge should balance pumpage through 2000 for the entire basin.

Effect of Pumpage at Pullman on Interpretations of Model Aquifer Studies of
the Moscow Sub-basin

In cur mocdel aquifer studies, we compared model aquifer drewdowns with
.the actual drawdown in the real aquifers. We assumed that the actual draw-
down in the real aquifsr was solely the result of the pumpage at the Moscow
center, Possibly, the actual drawdown in the real aquifer includes a component
that is the result of pumpage at the Puilman center, If we could prove this
hypothesis we couid quantify the Pullman center component, and then remove
it from the fotal drawdown at the Mcscow center and the drawdown at Moscow
would be less than the drawdowns used in our studies.,
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We interpreted the results of our mcdel aquifer studies to indicate that
drawdowns at Moscow are much less than would occur if aquifer constants,
especially coefficient of storage, were in the "normal" range of values. We
concluded that either aquifer constants are very large or a great deal of
recharge has taken place. Removal of any Pullman center component of draw-
down would mean that drawdowns are even less than were to be expected
and leads to the conclusion that aquifer constants are even higher or that
recharge is even greater than our Mosccw sub-basin studies indicate.

A Model of the Moscow=Pullman Basin

A model of Moscow-Pullman basin can be designed that utilizes the same
general principles that we used for the Moscow sub-basin study, but the
model would be more complex. Two centers of pumpage would be necessary,
one at Moscow and one at Pullman. The boundaries would be generalized
as a wedge shape, rather than as a rectilinear shape. The north boundary
would be the partially buried crystalline high that trends east-west from the
Palouse Range through Albion; the south boundary would be the partially
buried crystalline high that extends S70W through Paradise Ridge and Bald
Butte to Granite Point. The Snake River cuts obliquely across part of the
open edge of the wedge and probably constitutes a discharge boundary.

The number of image wells and the prcblem of balancing them would be much
more complex than our Moscow sub-basin model. A simple two-boundary,
wedge-shaped aquifer model is discussed by Ferris and others (1962, p. 154).

Using data on pumpage and water levels at both Moscow and Pullman in
the model would permit comparison of actual drawdowns with model draw-
downs that result from various combinations of assumptions as to the pro-
perties of the aquifers. Assumptions that result in model drawdowns that
match real drawdowns could then be evaluated as to the probability of their
actually existing in the Moscow-Pullman basin,
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CONCLUSIONS

General Statement

The ground=-water supply in Moscow basin is adequate to meet the expected
demands through the year 2000 and per’r“aps longer, The long-continued decline
of water levels in the upper artesian zone is not necessarily the result of deple-
tion of the entire ground-water supply. At least part ¢f the decline is caused
by continually increasing rates of pumrpage in a small basin in which short-term
barrier boundary effects ars pronouncad, Such drawdowns are normal in the
hydrologic system of Moscow basin and are to be expected in the future in the
wells in the middle and lower artesian zones without necessarily indicating
that pumping is in excess of recharge,

The results of our moedel Aquifer studies can be interpreted either to
mean that no racharge takss place and the ground water in storage is sufficient
to meet the needs of the basin until the vear 2000 or tc mean that considerable
recharge dces take place in the basin. The apparent increase in model coef-
ficient of storage of the upper artesian zone during each of the successive
periods of major increase of pumpage suggests that recharge was available to
meet each incrc—ase 3‘;*1 pumpage . The records of water levels in observation
wells in the surficial aguifers show no long-term declines and constitute fur-
ther evidence tha t recharge was sufficient to balance pumpage through 1965,
Thus, two independent lines of evidence, one based on mathematical studies
and the other on field data, indicate that recharge was sufficient to balance
pumpage through 1965, Estimates of water avallable for recharge indicate
that sufficient amounts will be availabie through the year 2000, both tc the
Moscow sub-basin and to the larger Mcscow-Pullman basin,

The natural recharge can be augmented by artificial recharge through wells,
utilizing seasonal surface-water runcff and effluents of waste-water treatment
plants., Such a program would provide sufficient additicnal water to meet the
needs of Moscow basin wsall into the 21st century,

The excessive amounts of iron in the waters of the upper artesian zone
are caused by lateral migration of high-iron waters from iron-rich clay de-
posits along the margins of the recharge area of the artesian aquifers. Pumpage
of the deeper artesian aguifers may someday induce high-iron waters to move
downwards and increase the iron content of the deeper aquifers. Except for
the excessive iron in parts of the basin, the ground waters contain no unusual
or undesirable chemical constituents, The shallower waters are relatively rich
in calcium which is replaced by sodium by base exchange processes as the
waters move to the deeper aquifers.,

Predicted Depths to Water and Estimates of Water in Storage

If we assume that no re charge “akes place, then the best-fit model aquifer
data for recent years of pumpmg are the best indication of the future properties
of the Moscow basin a_q@f rS. Un”ar this assumption, the amount of water in
usable storage in Mascow bdsv as of 1965, the amount of water that will remain
in usakle storage in tne yrar O after ‘meeting anticipated demands, and the
depths to water in the vear 2000 are estimated te be:
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Billions of Gallons Depth to Water

Artesian In Storage Consumption In Storage
Zone 19635 1965-2000 2000 1965 2000
Upper 9.2 ? ? 120 ?
Middie 8¢.7 0.0 76.2 250 305
Lower

Sub-minimum 39.6 39.6 0 308 894

Optimum 262.8 233.2 308 381
Totals, Middle
and Lower Zones
only

Sub-

minimum 126.2 50:1 76.2

Optimum 349.5 ) 299.4

If no recharge does take place and all water pumped comes from storage, the
water in ground-water storage in Moscow basin is adequate to meet the needs of
the basin past the year 2000. The 76 to 299 billion gallons that should remain
in storage in the year 2000 should meet the needs of the basin at least until 2030
and perhaps until 2100,

These figures are based on the probahly invalid assumption that no recharge
takes place but are useful in managing a basin in which recharge does take place
and is concealed as an unusually high value of coefficient of storage. If recharge
is large, then the depths to water at any given time in the future will be less than
those predicted in the no-recharge model. Should pumpage increase to an amount
notably greater than the recharge, depths to water will become greater than those
predicted in this particular no-recharge model.
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RECOMMENDATIONS

The results of our studies convince us that the Moscow basin ground-water
supply will meet the demand until at least the year 2000. Adequate time is
available to make further studies and to evaluate the various alternatives before
making a decision on the best way to meet the future water needs of the basin.
This decision should be based on scientific, engineering, and economic analy-
sis of data that are not yet available., We recommend a program consisting of:

1. Appointment of a Pullman-Moscow Hydrologist to supervise a con-
tinuing program of study and evaluation of the water resources of
the basin;

2, Study of the engineering design and economics of artificial re~
charge and of recycling of waste water;

3. Further study of simple models based on existing data;
4, Implementation of a long-term program of basic data collection;

5. More sophisticated model aquifer studies of the basin as the
basic data become available.,

This program should continue for about 20 years and would permit a final
decision as to the future sources of water for the basin around the year 1990,
leaving at least 10 years to design and build the necessary physical plant
should importation of water into the basin prove to be the only feasible al-
ternative.

Pullman-Moscow Hydrologist

Study of the Pullman-Moscow basin lacks coordination. Over the years,
different persons affiliated with various federal, state, and local agencies
have studied unrelated aspects of the hydrology of the basin. Many of these
studies have recommended continuation of collection of basic data relating
to the aspect of the basin hydrology that was covered in that particular
study. None of these data-collection programs has continued to any signi-
ficant extent. The person making the recommendation either is not a resi=-
dent of the area, or if he is a resident, he turns to other duties and does
not have the time himself to continue the data collection program. As an
example, none of our project cbservation wells has been measured since
1966; all water-level recording gages have been removed from wells. We
simply have too many other things to do to take the time to continue the data
collection program.

Continuity of data collection could be assured by appointment of a Pullman-
Moscow Hydrologist whose duties would include:

1. Supervision of resumption and continuation of basic data collection;

2. Continuing evaluation of the usefulness of the various data being
collected and interim interpretations of the significance of the data;
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3. Supervision and coordination of design, implementation, and continu-~
ation of such new programs that he or other workers consider neces-
sary to the continuing study of the basin:

4, Advising the citles and universities as to the interim status of the
basin water supply ard as to rew studias that should be implemented.

We suggest that a half-time position be created to be housed at one of the
universities or in cne of the citizs and that the cost of the position be shared
by the four agencies. Costs would include salary, expenses, and fringe bene-
fits of the position itself plus additional costs of new programs. Some of the
new pregrams might receive support from other governmental agencies.

Artificial Recharge and Recycling Waste Water

The artificial recharge plan that we proposed should be cheaper than long-
distance impcrtation of water, However, we have only made very preliminary
cost estimates. Tentative designs of several alternative physical plants should
be worked out and the capital invesitment and operating costs of each should
be analyzed. The concept of recycling effluent of the Moscow Waste Water
Treatment Plant should be included in the alternatives under study. A similar
program should be svaluated for Pullman which also has a wastewater treatment
plant and a stream with seascnal runcif,

Additional Studies cf Simple Models

In studying our Moscow basin aquifer model we were able to examine
only a limited number of possible combinations of data because of the time
consumed in doing computations with graphs and a hand calculator, Adapted
to the computer, cur model cculd be used to predict the drawdowns at the
end of each year from 1965 tc 2000 for several sets of assumptions as to the
properties of the aquifers, Our Moscow basin aguifer model can be modified
to include the effect of recharge. A series of studies should be run in which
various percentages of the water pumped ars assumed (o come from recharge.
Comparison of the drawdowns pradicted ifrom these studies with the actual
drawdowns would lzad to @ better undarstanding of the hydrologic properties of
the aquifers and of the actual recharge as well as providing a basis for deter-
mining the rate of drawdown that should be ceonsidered "normal” in the future
operations in the basin, .

The model studies should bs supported by a thecretical study of the problem
of change of coefficient of storage with time and of the range of possible
values of coefficient of storage in an artesian aquifer. A better theoretical
knowledge of long-term cosfficient of storage would permit better evaluation
of the amount of recharge to Moscow basin,

Additicnal Basic Data Collection

Systematic basic data collection should be greatly expanded and the ex-
panded program should continue at least until 1990, Nearly all studies to
date have been short-term investigations, generally as part of a current research
project of a faculty memker or graduate student at one of the two universities,
The duty of long-term basic data collection should be assumed jointly by the
Cities of Moscow and Pulliman and the Physical Plant Divisions of the Univer-
sity of Idahc and Washington State University. Assignment of persconnel fund-
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ing cf the data collection program should become part of the regular
operations of these organizations. Development of some special study
techniques can be considered research for which funding from outside
sources is possible, but once a technique has been developed, routine
operation should be supported by local funds. Routine programs should
involve collection of data on surface-water runoff, microclimate, water-
level fluctuations in observation wells, and hydrologic properties of
aquifers.,

The number of stream-gaging stations should be increased. Surface-
water studies should be expanded to include regular collection of data
on suspended sediment and chemical quality of water. These data are
particularly needed as a means of further evaluation of artificial recharge.
Basic research also is needed on stream gaging methods in streams with
small discharge and wide variation in flow, (See Chang-Lu, 1967, p.
69-70 for a discussion of problems in stream-gaging of Paradise Creek
downstream of the City of Moscow Waste-Water Treatment Plant.)

The number of climatological stations should be increased. In parti-
cular, more precipitation and evaporation data are needed in the catch-
ment area in the Palouse Range.,

Systematic water-level measurements should be resumed in observa-
tion wells, Although data are being ccliected in some of the pumped wells
in the basin, data are needad from observation wells in the three artesian
zones and from wells in the surficial sediments and in the exposed crystal-
line basement. It may be necessary to drill special wells solely for ob-
servation purposes.

Pumping tests to determine aquifer constants have not proved satis-
factory in Moscow basin because of the rapidity with which boundary ef-
fects influence water levels in the wells. Basic research should be done
on boundary effects in small aquifers with large aquifer constants. The
theoretical study should be followed bv pumping tests in Moscow basin
that should lead to better field data on the properties of the aquifers.

Studies of More Sophisticated Model Aquifers

Availability of a large amount of basic hydrologic data would justify
use of aquifer models that are more sophisticated than those we used.
According to R.E. Williams (oral communication), existing models that
could be used if sufficient data were available include unsteady state
(transient) finite difference or finitc element models (Pender and Bredhoeft,
1969; Javandel and Witherspoon, 1969)., A steady state, finite element
model also is availabkle that could be used to determine the steady state
safe yield of the basin and also to evaluate the proposed artificial re-
charge program (Freeze and Witherspoon, 1966, 1967, and 1968; Freeze,
1969) . Presumably, other sophisticated methods will be developed in
the future that could be used in Moscow basin; however, almost any sop-
histicated method will require far better basic data than are now available
for Moscow basin,
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The 1970-1930 Program

Our studies indicate that the natural ground-water supply will meet
the needs of Moscow-Pullman basin past the yeaer 2000. If the basic data
collection program and madel studies that we recommend begin immediately,
twenty years of chservaticn and testing and twanty years of basic data will
be available by 1990. A comprshensive review of the hydrology of the basin
in the year 1990 would serve as the basis of a decision as toc whether to con-
tinue to utilize the rescurces «f the besin only or to import water from out-
side of the basin., If the decisicn is t*) mport water, at least ten years
will be available to design and build the system before the demands of
the basin exceed the amount of r@chargr, that is available as indicated by
the present study,

If during the pericd 1970-199¢, pumpage does exceed recharge, the
first reliable indicaticon will be excessive, long~-term decline in water
levels in observation wells, especially in the surficial aquifers, plus an
increase in drawdown in production wells, It should be emphasized that
these declines would ke in excess ¢f declinas predicted from model
aquifer studies. Declining water levels are to be expected in the artesian
aquifers during the period 1970-1990 because of increased pumping rates and
the inevitable increased effect of the barrier boundaries. As long as the
decline is no greater than that predicted by the most reliable model of
the basin, then nc immediate danger of depletion exists, Should the actual
decline exceed predicted decline consistently, then the model kbeing used
should be re-evaluated and the possikbility of pumpage in excess or re-
charge should be reviewed. A program of continuous monitoring of water
levels in unpumped observation wells and of comparing predicted and
actual drawdowns of supply wells should furnish ample warning if pumpage
begin to exceed recharge, Sufficient time would be available to design
and build a water imporaticn system before the ground-water supply becomes
fully depleted.
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WATER LEVEL FLUCTUATIONS IN PUBLIC SUPPLY WELLS, CITY OF MOSCOW
AND UNIVERSITY OF IDAHO, 1951-1966; Moscow Basin, Idaho
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