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Sea level: In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (N:;VD of 1929)--a geodetic datum derived fran a general
adjustrrent of the first-order level nets of both the United States and canada,
formerly called sea Level Datum of 1929.
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G.oc>uND-WATER RE9:X.lRCES AND SIMJIATED EFFECI'S OF WITHDRAWALS

IN 'THE B:X.Jm'I FUL ARRJ\, urAH

By David W. Clark,

U.S. Geological Survey

Ground-water resources in the Bountiful area, Utah, were studied to
document changes in ground-water conditions and to slinulate the effects of
increased ground-water withdrawals and changes in recharge. The aquifer
system is in basin-fill deposits and is primarily a confined system with
unconfined parts along the rrrontain front.

Recharge to the aquifer system was estimated to range from about 22,000
to 32,000 acre-feet per year during 1947-85. Discharge was estimated to range
fram 26,000 to 30,000 acre-feet per year during 1947-85.

Long-term trends of ground-water levels indicate a steady decline at IIOst
observation wells from 1952 to 1962. Importation of surface water for
irrigation in 1962 resulted in decreased ground-water withdrawals, causing
water levels to rise. Water levels fluctuated from 1962 to 1985, depending on
changes in withdrawals and precipitation.

A computer model of the aquifer system was constructed and calibrated
using water-level data from 1946 and changes in ground-water withdrawals from
1947-86. Sinulations of aquifer resp::>nses to proj~ted withdrawals were based
on a 50-percent increase in the 1981-85 rate of municipal and industrial
withdrawals for 20 years using both average and less-than-average recharge
rates. '!he sinulations indicated water-level declines between 5 and 50 feet;
a decrease in natural discharge to drains, by evapotranspiration, and to Great
Salt Lake; and a decrease of ground water in storage after 20 years between
25,000 acre-feet using the average recharge rate, and 70,000 acre-feet using
the less-than-average recharge rate.

I NrROOOcrION

Increased ground-water withdrawal by municipal users in the Bountiful
area, Utah (fig. 1), has caused water-level declines. State and local water
managers and water users needed an updated evaluation of ground-water
conditions and a tool with which to estimate the potential effects of future
changes in recharge and discharge of ground water.

A study of the Ibuntifu1 area, Utah, was conducted by the U.S. Geol~ical

Survey from 1983-85, in cooperation with the Utah Department of Natural
Resources, Division of Water Rights, to evaluate the ground-water resources.
Cbjectives of the study were to improve understanding of the area's ground
water hydrol~y, to determine changes in the ground-water conditions since the
1946 study by Thomas and Nelson (1948) and the 1960-69 study by BoIke and
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EXPLANATION FOR FIGURE 1

STUDY AREA

cz=zJ Bountiful area

Ed Weber Delta area

---4.:WO TOPOGRAPHIC CONTOUR··Shows altitude of land surface. Dashed contour represents historic high
water elevation of Great Salt Lake. Contour interval, in feet, variable. National Geodetic Vertical
Datum of 1929

CLIMATOLOGIC STATIONS

Bear River Refuge

Ogden Sugar Factory

Ogden Pioneer Powerhouse

Pineview Dam
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Waddell (1972), and to simulate the effects of increased ground-water
withdrawals and changes in recharge on ground-water levels, discharge, and
storage.

This study was part of a larger investigation of ground-water resources
of the East Shore area of Great Salt Lake (Clark and others, 1990). Results
and interpretations presented here are primarily based on data and analyses
presented by Plantz and others (1986) and Clark and others (1990).

Information collected during this study included discharge from wells,
water levels in wells, drillers' logs of wells, seepage losses from or gains
to streams and drains, and hydraulic properties of aquifers. A digital
o::xrputer model of the ground-water system was oonstructed on the basis of this
and other infonnation.

Purpose and Scope

The purpose of this rePOrt is to describe the ground-water resources in
the basin-fill deposits of the Bountiful area, referred to as a part of the
East Shore aquifer system (Clark and others, 1990). This report describes
ground-water conditions including recharge, IlOverrent, water-level changes, and
discharge. In addition, this report describes a computer simulation of
increased withdrawals on the aquifer system in the Bountiful area, including
simulated effects of potential changes in ground-water recharge and discharge.

Location and Physiography

The study area is north of Salt Lake City between the western margin of
the wasatch Range and the eastern shore of Great salt Lake (fig. I) and is at
the eastern edge of the Basin and Range P1ysiographic province. The area is
urban and industrial and, because of its proximity to downtown salt Lake City,
has a rapidly growing suburban population.

The project area is about 8 miles long and 2 to 8 miles wide. It
includes the southern part of Davis County. The southern boundary is the
Davis-Salt Lake County line, and the northern boundary is the line between T.
2 N. and T. 3 N. The eastern boundary is the Wasatch Range, the northwestern
boundary is Farmington Bay of Great Salt Lake, and the western boundary is the
Jordan River.

The extent of the project area fluctuates with the level of Great Salt
Lake. During this study, the level of the lake rose at an unprecedented rate,
inundating large tracts of low-lying land near the eastern shore. During
1969-82, the level of the lake was at an average altitude of 4,199 feet,
whereas during 1983-84, the lake rose rapidly to an altitude of about 4,209
feet. The size of the project area at a lake level of 4,199 feet is about 45
square miles, whereas at an altitude of 4,209 feet, the total area is only
about 30 square miles. ~st of the land inundated by the lake was generally
undeveloPed and consisted of marshlands, pasture, mudflats, and waterfowl
refuges.
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The study area contains two distinct physiographic units. The eastern
unit is composed of benches (terraces) adjacent to the wasatch Range that
extend westward toward the study area in a series of stefrlike units (fig. 2).
These terraces, formed by Pleistocene Lake Bonneville (Gilbert, 1890), have
since been dissected by closely SPaced, rrountain-front streams. The second
physiographic unit is a valley-lowland plain with little topographic relief
that extends from the western edge of the terraces to the shores of Great salt
Lake. The plain ranges in width fran about 1 mile near the north and south
boundaries to about 5 miles in the center of the area, but this width varies
with changing levels of Great salt Lake.

The altitude of the study area ranges from about 5,000 feet near the
wasatch Range to, depending on the lake level, about 4,200 feet at the eastern
margin of Great salt Lake (fig. 1). The crest of the Wasatch Range rises
4,000 to 5,000 feet above the study area with the highest peaks being rrore
than 9,400 feet (Clark and others, 1990, pl. 1).

Climate

The climate of the area is temperate and semiarid with a typical frost
free season from May to mid-OCtober. Precipitation increases fran west to
east across the study area and in the adjoining mountains as elevation
increases; whereas, there is little difference in the mean annual tenperature
across the study area. '!he normal annual precipitation ranges from about 15
inches near Great salt Lake to about 20 inches near the roountain front, about
28 inches in the laver reaches of the wasatch Range canyons, and more than 40
inches near the crest of the wasatch Range. However, from 1981 through 1984,
precipitation in the area was about 150 to 200 percent of normal (National
OCeanic and Atmospheric AdnUnistration, 1982, 1983a, 1983b, 1984, 1985).

Population and Land Use

The Bountiful area is part of one of the fastest graving regions in the
united States with the population increasing about 50 percent every 10 years.
As of 1980, the fOp..llation of the area was about 54,000 with nearly the entire
fOp..llation living within incorfOrated areas. The population has more than
doubled since 1960, and in areas outside the city of Bountiful, the fOp.1lation
has nearly tripled since 1960. The increase in population has occurred
primarily in suburban areas, which have expanded onto former agricultural
lands. Pop.1lation statistics are presented in table 1.

From 1968-85, there was a shift in land use from irrigated cropland and
natural vegetation to urban. '!here was an increase of about 2,000 acres of
land classified as urban of which 60 percent was formerly classified as
irrigated cropland. Total acres of irrigated cropland in the study area
decreased by about 20 percent during 1968-85.

Geology

The Bountiful area is in an elongate graben bordered by the Wasatch fault
zone on the east and an undefined fault zone to the west (fig. 2).
Displacement along the wasatch fault zone may be as much as 10,000 feet (Feth
and others, 1966, p. 21).

5
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Figure 2.--Generalized block diagram showing aquifer system, probable directions of ground-water
movement (arrows), and areas of recharge and discharge in the Bountiful area.
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Table 1.-Population in the Bountiful area, 1960-80

(I:ata from U.S. Deparbment of Commerce, Bureau of Census, 1971 and 1980.)

1980 Percent 1970 Percent 1960 Percent
census change census change census change

Location 1970-80 1960-70 1960-80

Ibuntiful 32,978 18.4 27,853 63.5 17,039 93.5
centerville 8,041 146.1 3,268 38.4 2,361 240.6
tbrth salt
Lake City 5,588 160.8 2,143 29.5 1,655 237.6

west Bount iful 3,559 185.6 1,246 31.9 945 276.6
Vbods Cross 4,274 36.8 3,124 184.5 1,098 289.3

'Ibtal 54,440 44.6 37,634 62.9 23,098 135.7

On the western margin of the Bountiful area, the Wasatch Range is
cx:nposed primarily of Precambrian rretanorphic rocks and Tertiary sedimentary
rocks. The Precambr ian rocks extend north and east of Bountiful and consist
of gneiss, schist, and sane quartzite; the Tertiary rocks are south and east
of Bountiful and consist of conglomerates with lenses of siltstone and
sandstone (Davis, 1983).

Quaternary basin-fill deposits were eroded fran the mountains during pre
Lake Bonneville and Lake Bonneville time. The basin fill is composed of
unconsolidated and semi-consolidated sediments in a series of
interbedded alluvial and lacustrine deposits. Most of the sediments are
coarse grained near the roountains, particularly near the mouths of canyons
where alluvial fan and mudflow sediments predominate. Farther from the
mountains, the basin-fill deposits are alternating layers of gravel, sand, and
clay. In the fbuntiful area, Mill, Stone, and Barnard Creeks are downcut t ing
or dissecting, whereas Centerville and Parrish Creeks have built alluvial fans
(Davis, 1983). Fine-grained sediments predominate ta.vard the west, where most
of the deposits are lacustrine.

Basin-fill deposits have been estimated to be 6,000 to 9,000 feet thick
north of the study area near Ogden (Feth and others, 1966, p. 22). The
thickness of the basin fill in the study area generally is unknown; however,
the deepest well in the area was completed in unoonsolidated material at a
depth of 1,985 feet (Thomas and Nelson, 1948, p. 86). Near the mountain
front, the study area consists of mudfla.v deposits, which are poorly sorted
and only slightly penneable, and sediments at the mouths of the major stream
channels, which are coarse grained and more permeable. Farther fran the
mountains, the basin-fill deposits are alternating layers of gravel, sand, and
clay, with variable penneability.

Surface water

Surface water is used extensively for irrigation and by municiPalities in
the fbuntiful area. Total annual surface-water inflow to the area from the

7



adjoining mountains is estimated to average about 28,000 acre-feet for the
water years 1 1969-84. Also, about 20,000 acre-feet of surface water is
imported annually to the Bountiful area fran the Weber River, north of the
study area, through the Gateway 'funnel and Davis Aqueduct (fig. 1). About
2,000 acre-feet of this i.rnp:)rted water is for rrunicipal use, am the ranaimer
is for irrigation of suburban and agricultural areas.

Calculations of surface-water inflow fran five major streams ~re based
on partial records of water stage at stations oorrelated to long-term records
from nearby streams. The flow for Ricks, Parrish, Stone, am Mill Creeks for
1969-84 is based on rerords of annual flaY available fran 1950-51 to 1966-68,
which were correlated to long-term records of flaY for City Creek, several
miles south of the study area in northern salt Lake County. The flow for
1981-84 for Centerville Creek is based on longer-term records of annual flow,
which ~re correlated to discharge of City Creek. The estimated annual inflow
for 1969-84 in the five major streams is shown in table 2.

The estimated average annual infloo to the Bountiful area fran perennial,
intermi ttent, and ephemeral streams for which there is no record of flow is
about 7,000 acre-feet (table 3). '!he streams wi th mean annual flow of greater
than 1,000 acre-feet generally are perennial upstream of the canyon mouths,
and that water often reaches the study area during periods of high flow. M::>st
of the flow from the other drainages infiltrates into alluvial fans or high
benchlands, where the definable channels terminate.

The flow in streams listed in table 3 was computed by the equation:

o =7.69 x 10-4 (A)0.883 (E)3.65 (1)

where Q = mean annual flow, in cubic feet per second;
A = drainage area, in square miles; am
E =mean altitude of the drainage basin, in thousands of feet.

Equation 1 was derived fran long-term flow records for 25 streams in the
Wasatch Range with similar drainage-area size am mean altitude. The average
standard error of estimate was 28 percent, am the correlation coefficient was
0.95.

The seasonal fluctuation of surface-water flow is large, with the largest
flow resulting fran spring snClYJlrelt am runoff. '!he average rronthly flaN for
1968-80 in Centerville Creek, which is typical of the streams in the area,
ranges from about 1.6 cubic feet per second during the low-flaN roonths of
september through February to about 13 cubic feet per second dur ing May when
snowmelt is at its Peak.

lAll surface-water records in this report are given in water years. A water
year is the 12 m::>nths ending Septenber 30 and designated by the year in which
it ems.
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Table 2. -Estimated inflCXtl in major streams, water years 196~84,

in thousands of acre-feet

Stream

water Ricks Parrish centerville Stone Mill Total
year Creek Creek. Creek. Creek Creek.

1969 2 2 2.4 4 8 18.4
1970 2 2 2.4 3 7 16.4
1971 3 2 3.4 4 9 21.4
1972 2 2 3.1 4 7 18.1

1973 2 2 2.8 3 7 16.8
1974 3 2 3.6 5 9 22.6
1975 3 2 3.5 5 11 24.5
1976 2 1 2.2 3 6 14.2

1977 1 1 1.3 1 2 6.3
1978 3 2 3.3 4 8 20.3
1979 2 1 1.8 2 4 10.8
1980 2 1 2.5 3 5 13.5

1981 2 1 2 2 4 11
1982 3 2 3 4 9 21
1983 3 2 3 5 10 23
1984 3 2 3 4 8 20

Annual
Average 2.4 1.7 2.7 3.5 7.1 17.4

Previous Investigations

Thomas and Nelson (1948) conducted a <X:llTprehensive study during 1946-48
of the hydrology am geology of the Ebuntiful area. Encompassing about the
same area as this study, their study included a detailed account of the
Qlaternary am Tertiary geology, surface-water inflow, geochemistry of surface
and ground water, water-level and discharge measurements in more than 400
wells, am potentianetric surface map:;. BoIke am Waddell (1972) included the
Bountiful area in their study of the East Shore area, \'ihich re};X)rted ground-
water levels am changes in groum-water quality during 1960-69.

Acknowledgments
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industries in the Bountiful area, who gave permission for the use of their
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useful infonnation for this study. The cooperation of the officials fran the
State of Utah and Davis County is appreciated.
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Table 3. --Estimated inflow fran ungaged perennial, intermittent,
and epheJreral streams

Drainage name Drainage ~an drainage Mean annual Mean annual
area (A) alti tude (E) inflav (Q) inflav (Q)

(square miles) (thousands (cubic feet (acre-feet
of feet) per second) per year)

North of Ricks Creek 1.0 6.12 .6 430
Barnard Creek 1.7 6.73 1.3 940
South of
Centerville canyon .5 5.75 .2 140

North of Stone Creek 1.0 6.19 .6 430
lblbrook Creek 4.9 7.16 4.1 3,000
North canyon 2.4 6.26 1.3 940
Iboper canyon 1.2 5.80 .6 430
UnnaIred 3.6 5.01 .9 650

'lbtal (rounded) 7, 000

Numbering System Used for Wells in Utah

The system of numbering wells in Utah is based on the cadastral land
survey system of the U.S. Governrrent. The number, in addition to designating
the well, describes its position in the land net. By the land-survey system,
the State is divided into four quadrants by the salt Lake Base Line and
~ridian, and these quadrants are designated by the uppercase letters A, B, C,
and 0, indicating the northeast, northwest, southwest, and southeast
quadrants, respectively. Numbers designating the tavnship and range (in that
order) follow the quadrant letter, and all three are enclosed in parentheses.
The number after the parentheses indicates the section, am it is followed by
three letters indicating the quarter section, the quarter-quarter section, am
the quarter-quarter-quarter section--generally 10 acresli the letters a, b, c,
and d indicate, respectively, the northeast, northwest, southwest, and
southeast quarters of each subdivision. The number after the letters is the
serial number of the well within the 10-acre tract. If a well cannot be
differentiated within a lO-acre tract, one or two location letters are used
and the serial number is omitted. Thus, (A-2-1)18abd-12 designates the
twelfth well constructed or visited in the SEl NWl NEi, sec. 18, T. 2 N., R. 1
E. The numbering system is illustrated in figure 3.

lAlthough the basic land unit, the section, is theoretically 1 square
mile, many sections are irregular. Such sections are subdivided into 10-acre
tracts, generally beginning at the southeast corner, and the surplus or
shortage is taken up in the tracts along the north and west sides of the
section.
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Figure 3.--Well-numbering system used in Utah.
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The ground-water resources in the Bountiful area described in this reFOrt
are part of the East Shore aquifer system (Clark and others, 1990, p. 20).
This aquifer system in the Bountiful area consists of saturated basin-fill
deFOsits and includes artesian zones in the basin and a deep unconfined zone
along the mountain front. A shalloo water-table zone in the tc::pJgraP1ically
low parts near the western boundary of the area is part of the overall ground
water system in the Ebuntiful area but is rot considered part of the aquifer
system as defined in this report. The shallow water-table zone was not
included because of the lack of data on recharge to the zone by infiltration
of precipitation, urban ruroff, and irrigation, and a similar lack of data on
discharge to waterways and by evapotranspiration.

Thomas and Nelson (1948, p. 167-172) described, the aquifer system in the
Bountiful area as containing shallow, intermediate, and deep artesian
aquifers. The shalloo artesian aquifer was defined as being from 60 to 250
feet below land surface, the intermediate artesian aquifer from 250 to 500
feet beloo land surface, and the deep artesian aquifer as greater than 500
feet beloo land surface.

Thomas and Nelson (1948, p. 171) described slight head differences among
the artesian aquifers in the eastern part of the study area; hooever, they
also described a convergence of the potentiometric surfaces toward the central
and western parts of the area. '!herefore, in this report, the aquifers were
rot differentiated because of the lack of substantial lithologic differences
and because ro large vertical head differences were rreasured during this study
among the previously defined aquifers.

For the purposes of this study, all wells greater than 100 feet deep were
considered to be canpleted in the aquifer system in the Ebuntiful area. Wells
less than 100 feet deep were considered to be in the shalloo confining unit or
the shallow water-table zone aoo are not considered part of the aquifer system
as def ined in this report. In the valley looland plains, confined conditions
exist at shalloo depths, aoo unconfined conditions exist only within a few
feet of land surface. The 100-foot designation is based on a general
thickness of the Lake Ebnneville beds as described by '!hanas aoo Nelson (1948,
p. 97-109), and because few wells presently used are less than 100 feet deep
(only 3 of the 134 wells inventoried during the study) (Plantz and others,
1986, p. 4-10).

Unconfined conditions in the aquifer system in the Bountiful area
generally occur only in a narroo deep area along the mountain front within the
recharge area. '!he deposits in the unconfined parts of the aquifer system
typically are coarse grained; finer grained confining layers are thin and
discontinuous or absent. '!he coarse-grained deposits allow the infiltration
of precipi tation, streamfloo, and irrigation water to reach the ground-water
system. As water noves westward through the basin-fill deposits toward Great
Salt Lake, it becomes confined by lacustrine beds of silt and clay.
Unconfined ground water that is not part of the aquifer system in the
Bountiful area as defined in this report is present in flood-plain deFOsits
along stream channels, in isolated perched aquifers in the bench areas, and
throughout the valley lowlands in the shalloo water-table zone within a few
feet of land surface.
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Transmissivity values for the aquifer system in the Bountiful area ~re

estimated in part fran data derived from aquifer tests (table 4) and range
from about 200 feet squared per day where the sediments are predondnately
fine-grained to 30,000 feet squared p?r day in thick, ooarse-grained depJSits.
All tests were analyzed using the straight-line solution (Jacob and Lohman,
1952) •

Table 4. --Results of aquifer tests

I.ocation: P, p.mped well; F, fleMing ~ll

Well location rate Discharge Transmissivity (T)
(gallons (feet squared

per minute) per day)

(A-2-1)7dca-l P 10-47 400 1,800
20crld-l P 10-47 26 6,700
28bca-l P 4-76 1,500 5,000
32cx::b-2 P 2-58 1,000 30,000
34crlb-l P 7-81 240 600
34dcc-l P 7-76 1,250 1,000

(B-2-1)13acd-l F 3-47 38 200
13crld-2 F 4-47 105 1,700
26bdd-2 F 3-47 250 2,000
26crld-l F 5-36 53 1,000
26dca-3 F 3-47 275 7,100

Values for storage coefficient and specific yield were not available for
the aquifer systan in the Ibuntiful area. Values for storage coefficient ~re
determined for the confined aquifers of the entire East Shore area from
aquifer test results (Clark and others, 1990); however, none of the results
~re fran the aquifer systan in the Ibuntiful area. Storage coefficients for
the East Shore aquifer system were fairly consistent throughout the study
area and ranged fran about 3 X 10- 6 to 1 X 10-4 and averaged about 9 x 10-5 •

Specific yield values for the unconfined parts of the shallow water-table zone
in the East Shore aquifer systan were estimated to be 1 X 10-1 • Values for
storage coefficient and specific yield in the aquifer system in the Bountiful
area are probably similar.

Recharge

Annual recharge to the aquifer systan in the Ibuntiful area is estimated
to have averaged about 26,000 acre-feet during 1947-85, and ranged fran about
22,000 to 32,000 acre-feet. The ultbnate source of recharge is precipitation
that falls in the nountains that are adjacent to the Bountiful area. Recharge
to the aquifer system OCalrs by seepage losses fran streams, irrigated fields,
and lawns and gardens; by infiltration of precipitation; and by subsurface
inflow fran oonsolidated rock of the Wasatdl Range to basin-fill depJSits.
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Recharge to the aquifer systan in the Bountiful area was calculated only
in an area near the mountain front, where the surficial and underlying
sediments are permeable enough to transmit water downward to the aquifers.
'!he zone of permeable sedirrents extends about 1. 5 miles west fran the rrountain
front, south of Bountiful, to less than 0.25 mile west of the rrountain front
north of Centerville (fig. 4).

The recharge area consists of two subareas, totaling about 5,500 acres
with different potentials for recharge by downward movement. The subareas
were differentiated based on surficial grain-size information (Feth and
others, fig. 10, p. 40) and surficial geology (Davis, 1983). The primary
recharge area, 2,900 acres, is nearest the rrountain front; it pre<bminantly
is underlain by permeable sand and gravel that enhance infiltration of
recharge water. The secondary recharge area, 2,600 acres, is farther fran the
rrountains; it is umerlain by finer grained sediments that partially impede
downward movement and, therefore, probably accept direct infiltration less
readily than areas closer to the mountain front (Feth and others, 1966, p.
39). Although no direct relation was knCMn for infiltration rates between the
recharge areas, for the p.1rpose of calculating recharge, it was assumed that
the rate of infiltration in the secondary recharge area was one-half the rate
for the primary recharge area.

More than 70 percent of the total recharge area (about 4,000 acres) is
predaninately urban with some suburban land use, including streets and
buildings. This total includes about 2,300 acres in the secondary recharge
area am 1,700 acres in the primary recharge area. '!he renaining 1,500 acres
in the recharge area primarily are umisturbed am unirrigated benchlams with
native vegetation and a few irrigated orchards.

Seepage fran Stream Channels

The average annual recharge during 1969-84 by seepage from natural
channels that cross the primary am secondary recharge areas was estimated to
be about 7,100 acre-feet. In areas where streams enter the study area, the
natural channels generally are in gravel and boulders, which are perrreable am
favorable for seepage. Fluctuations of water levels in sare wells near stream
channels show a relation to fluctuations in annual streamflow. '!he relation
between the highest water levels in a well and the annual flaY in Centerville
Creek for the water years 1950-84 is shCMn in figure 5 and indicates ~ssible

recharge fran the stream up;;Jradient fran the well.

Measurements to detect seepage losses were made on Mill, Parrish, am
:Eblbrook Creeks during high flaYS in June 1985. Each stream was divided into
three sections, with the uppermost section beginning where the stream was
entrenched in consolidated rock, and the laYer section generally ending at the
western boundary of the primary recharge area (fig. 4). Measurable losses in
flaY in all three streams occurred only in the middle section, generally
between altitudes of about 4,800 and 4,600 feet. Losses were fairly
consistent, ranging fran about 10 to 20 percent of the discharge. For the
rreasured stream:;, channels above an altitude of about 4,800 feet generally had
been scoured of most unconsolidated sediments by stream erosion, and the
streams flaY over bedrock, which probably limits seepage losses.
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Average annual recharge for 1969-84 fran Mill Creek was calculated to be
1,800 acre-feet by assuming a see[)?lge loss of 15 percent at high flow based on
measurements, and a maximum of 50-percent loss during low flow based on
infonnation fran local residents and observations. 'Ibtal annual recharge is
estimated to be about 25 percent of the total annual flow on the basis of
available flow records, a 15-percent loss during high flow, and a 50-percent
loss during low flow.

Using similar procedures, the average annual recharge was estimated to be
430 acre-feet fran Parrish Creek and 750 acre-feet fran Iblbrook Creek. Total
annual seepage losses are about 25 percent of the total annual flow of these
two streams. Estimates of the average annual recharge fran other streams for
1969-84, based on a 25-percent seepage loss are: Ricks Creek, 580 acre-feet;
centerville Creek, 680 acre-feet; and Stone Creek, 880 acre-feet.

Recharge fran smaller ungaged perennial, intermittent, and ephemeral
streams is generally by seepage into alluvial fans near the IOOllthS of canyons
and is estimated to be aoout 2,000 acre-feet per year. N::> accurate estimates
of losses are available for IOClSt of these streams. Seepage measurenents fran
nearby streams indicate larger losses in the primary recharge area than in the
secondary area. Therefore, streams that cross only the secondary recharge
area were assumed to have no more than a 25-percent loss; whereas, most
streams that cross the primary recharge area were assumed to have an annual
loss of 50 percent of their total flow. All of the smaller streams, except
Holbrook Creek, which was estimated separately, were estimated to recharge 50
percent of their annual flow or 2,000 acre-feet.
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Canals and ditches in the recharge area of the Bountiful area are either
lined and have small or no seepage losses, or they are small, unlined di tches
that carry a minimal quantity of water. Losses fran these canals were assumed
to be minimal wben canpared to losses fran awlied irrigation water and were
not estimated.

Infiltration fran Irrigation

The average annual recharge from irrigation of crops and lawns and
gardens in the primary and secondary recharge areas is estimated to be 3,700
acre-feet. Annual recharge ranges from 2,000 to 5,000 acre-feet.

Much of the irrigation water applied to the urban areas after 1960 was
supplied by surface water from the weber River by way of the Gateway 'funnel
and the Davis Aqueduct, with some additional water from treated municipal
supplies. The quantity of water diverted from the Weber River and used
exclusively for irrigation in the Bountiful area was estimated from reCords of
the Weber Basin Water Conservancy District and from total floo through the
Gateway 'funnel (Johnson, 1969-85). Estimates of diversions for irrigation use
in the Bountiful area from 1960 to 1985 averaged about 17,000 acre-feet per
year and ranged fran about 10,000 to 25,000 acre-feet per year, depending on
the quantity of water available in the Weber River.

The quantity of recharge by infiltration from irrigation depends on
several factors including the quantity of water applied, the type of
application, the consurrptive use of the plants, and the permeability of the
soils. Average recharge from infiltration of irrigation was estimated in
areas with similar factors to be 25 percent of the applied irrigation water
for the East Shore area of Great Salt Lake (Feth and others, 1966, p. 43) and
33 percent for an area near Utah Lake (Clark and Afpel, 1985, p. 29, and the
U.S. Bureau of Reclamation, 1967, 1968, and 1969). For the purpose of this
study it was estimated that in the primary recharge area, about 30 percent of
the applied irrigation water recharged the aquifer system in the Bountiful
area. An estimated 43 percent of the total irrigated acres, or 1,700 acres,
are in the primary recharge area. If 30 percent of the 7,200 acre-feet of
water diverted for irrigation in the primary recharge area (43 percent of
17,000 acre-feet) infiltrated to the aquifer system, then about 2,200 acre
feet of water was recharged. Similarly, if 15 percent of the applied
irrigation water infiltrated to the aquifer system in the seoondary recharge
area where clay comprises a larger proportion of the surface materials, then
1,500 acre-feet of water was recharged.

Infiltration fran Precipitation

The average annual recharge by infiltration of precipitation in the
primary and seoondary recharge areas is estimated to be about 1,400 acre-feet,
but it may vary considerably fran one year to the next depending on quantity,
intensity, season, and type of precipitation. The average annual
precipitation in the recharge area is estimated to be about 20 inches per year
based on records at the Q;Jden Pioneer Powerhouse station (National oceanic and
Atmospheric Administration, 1983b). The recharge area includes about 5,500
acres, of which 2,900 acres are in the primary recharge area and the ranaining
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2,600 acres are in the secondary recharge area. Infiltration of precipitation
in these areas is estimated to be 20 percent for the primary recharge area am
10 percent for the secondary recharge area.

Subsurface Inflow

Subsurface inflow to the aquifer system in the Bountiful area from
oonsolidated rocks is estimated to be about 14,000 acre-feet per year. Most
of the inflow is inferred to be the result of water novenent through fractures
and joints am along fault zones in the consolidated rock of the Wasatch Range
to the unconsolidated basin-fill deposits (fig. 2). The Wasatch Range
adjacent to the study area is composed primarily of thick sequences of
Precambr ian metarrorphic rocks and Tertiary sedimentary rocks, which, in Sate
areas, have been extensively faulted am fractured. Sl'X:lWIlelt probably enters
the consolidated rock by infiltration through the mountain soils into
fractures or into the weathered surface of the rock.

The occurrence of subsurface inflow cannot be directly measured, am
estimates are based on limited available data and assumptions; however,
indirect evidence exists of subsurface inflCM fran oonsolidated rock to the
basin-fill deposits. rrhe indirect evidence includes data fran wells canpleted
in consolidated rock, springs in consolidated rock areas, am canparison of
hydraulic head values among wells cnrpleted in consolidated rock and in basin
fill where there are only small quantities of recharge fran other sources
(Clark am others, 1990, p. 31).

Wells have been completed at or near the surface contact between the
basin fill am consolidated rock. Data fran these wells imicate that in Sate

areas the rock is permeable and that water d~s nove fran oonsolidated rock to
alluvium. sane wells finished in rock near the nountain front discharge fresh
water at rates of about 50 gallons per minute by artesian flCM, indicating
that sane of the consolidated rock is capable of transmitting substantial
quantities of water.

Wells finished in rock near Bountiful generally are more productive when
finished in fractured rock or near faults, which indicates that the fractured
rock is transmitting water that may be recharging the cbwngradient basin fill.
Water levels fluctuate seasonally in some wells that are completed in the
alluvium near the nountain front, yet distant fran sources of surface water.
These fluctuations probably are in response to recharge by infiltration of
snOY1llelt IOOVing into the alluvium fran consolidated rocks.

The following variation of the Darcy equation was used to estimate
subsurface flow fran the consolidated rock to the unconsolidated basin fill
from all sources topographically higher than- a given cross section through
which flCM occurs.

Q = TIL (2)

where 0 = discharge, in cubic feet per day;
T = transmissivity, in feet squared per day;
I = hydraulic gradient (dinensionless); and
L = length, in feet, of the cross section through which the flow

occurs.

18



On the basis of available water-level and well data, flow was cx:rrputed
through a cross section along the eastern flank of the valley close to the
contact of the basin fill and consolidated rock. The cross section was
segmented into three subsections on the basis of differences in estimated
transmissivity values and hydraulic gradients from wells near the cross
section. '!he location of the subsections is shown in figure 4; the estimated
inflow across those subsections, and the hydraulic gradients and
transmissivity values used to exxtpute the inflCM, are given in table 5.

Table 5. --Estimated arumal subsurface infla-l
from consolidated reck to basin fill

[Clark and others, 1990, table 7]

Discharge (Q)Subsection
numbers for

cross section
(see fig. 4)

1
2
3

Transmissivity
(T)

(feet squared
per day)

1,000
2,000

500

Hydraulic
gradient

(I)
(dinEnsionless)

0.03
.06
.06

Length of
subsection

(L)
(feet)

15,500
12,900
20,800

Total

Cubic feet
per day

(rounded)

460,000
1,500,000

620,000

Acre-feet
per year
(rounded)

3,900
13,000

5,200

22,000

Less recharge within the recharge areas upgradient from cross section (fig. 4)

Streams .
Direct precipitation ••••••••
Lawns and gardens •...•••••••

Subtotal

Total subsurface inflCM from oonsolidated rock

7,100
400
500

8,000

14,000

The total annual flCM of about 22,000 acre-feet Canp.1ted across the cross
section includes about 8,000 acre-feet per year of recharge from other
upgradient sources. It is assumed that about 7,100 acre-feet of flow fran
stream channels recharges the aquifer in the Bountiful area near the IOOUthS of
the canyons, generally near or upgradient from the cross section. 01 the
basis of land use upgradient from the cross section, about 400 acre-feet of
precipitation and 500 acre-feet of irrigation from lawns and gardens is
assuned to recharge the aquifer systan in the Ebuntiful area upgradient from
the cross section. '!hus, the adjusted total recharge fran subsurface inflCM
fran bedrock is estimated to be about 14,000 acre-feet per year. If part of
the recharge fran streams occurs downstream from the cross section, the total
recharge could be larger.
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Movement

Gr:ound water in the aquifer system in the Bountiful area generally moves
~stward fran the rountain front tooard Great salt Lake. A cbwnward canp::>nent
of movement exists throughout the recharge area near the mountain front (fig.
2) where hydraulic head values decrease with depth. An u};Mard oonponent of
roverrent exists away fran the rountain front where water is oonfined and head
values increase with depth; water moves upward through confining beds fram
deeper to shall~r parts of the aquifer system. The hydraulic connection
within the aquifer system depends on the thickness of the clay layers and
other fine-grained sediment layers. Generally, where the clay or other f ine
grained deposits are thick, hydraulic connection within the aquifer system is
less.

A J:X)tentiometric-surface map was prepared for the aquifer system in the
Bountiful area on the basis of water levels Ireasured in March 1985 (fig. 6).
Movement of ground water generally is perpendicular to the oontours. The
shape of the contours, which generally bulge westward fram the mountain front,
reflect recharge from Mill and Holbrook Creeks and recharge by subsurface
infloo fran oonsolidated rock. '!he oontours also indicate possible movement
of water into the Jordan River and Farmington B:ly.

Unconfined ground water occurs locally in perched zones in the bench
areas on the eastern side of the study area. Water in these areas probably
roves toward the edge of the bench where it discharges by evaJ:X)transpiration,
springs, seers, or into drains. sane of the water moves into surface deJ:X)sits
in the valley lowlands, and minor quantities of perched water may move
cbwnward to the aquifer system.

Water-Level Changes

Water levels change in resJ:X)nse to changes in the quantity of ground
water in storage, which varies according to the quantity of water added to or
removed from the aquifer system. The changes can be short-term, diurnal,
seasonal, and long-term. Long-term changes in water levels generally reflect
either long-term trends in precipitation or changes in discharge fran ~lls or
both. A canparison of water levels in well (B-2-1)26aad-l, annual withdrawal
fran municipal and industrial ~lls, and the cumulative departure fran average
annual precipitation is shoon in figure 7.

In the Bountiful area, long-term water-level trends generally followed
the trend of cumulative departure from normal precipitation from 1935 until
about 1962. In about 1962, water levels began to rise. '!he rise was the
result of nearly normal precipitation with smaller withdrawals of water from
wells fran 1960 to 1962 when canpared to withdrawals fran 1955 through 1959.
'!he smaller withdrawals ~re the result of irrportation of ~ber River water by
the I:avis Aqueduct.

Water levels generally declined from 1965 to 1968 in resJ:X)nse to an
increase in withdrawals of water fran ~lls. From 1970 to 1975, precipitation
was slightly greater than nonnal while withdrawals remained fairly stable;
thus, water levels remained fairly stable. In the late 1970's, withdrawals
again increased, causing water levels to decline. Water levels generally have
risen since 1978 in resp:>nse to an increase in precipitation despite a slight
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Figure 7.--Cumulative departure from the average annual precipitation at the Ogden
Pioneer Powerhouse, water levels in well (B-2-1)26aad-1, and withdrawal from
wells for municipal and industrial use in the Bountiful area, 1935-84. [Number
inside withdrawal histogram is discharge, in thousands of acre-feet.]

increase in withdrawals. '!he slight decline in water levels in 1984, h:>wever,
was caused by a large increase in witMrawals in 1983 and 1984. water levels
fluctuated from 1962 to 1985 depending on changes in withdrawals and
precipitation.

A water-level-change map (fig. 8) that shows the distribution and
magnitude of water-level changes in the aquifer systan in the Ibuntiful area
was oonstructed for 1946-47 to 1985. water levels in wells declined in most
of the Bountiful area fran 1946-47 to 1985 based on rneasurerrents in 14 wells.
'!he water-level changes ranged fran a rise of 5.4 feet west of Val Verda, to a
decline of 9.1 feet northeast of Woods Cross. Declines are probably the
result of increased withdrawals for municipal use; whereas, the rises are
probably the result of i.rrIfx:>rtation of water and distance of a well fran wells
withdrawing substantial quantities of water.

Discharge

Discharge fran the aquifer system in the Ibuntiful area is to wells,
waterways (drains, ditches, and streams), springs and seeps,
evapotranspiration, and diffuse seepage to Great salt Lake. The average
annual discharge for 1947-85 was estimated to range from about 26,000 to
30,000 acre-feet.

~lls

About 1,200 wells were oonstructed in the Bountiful area by 1947. These
wells discharged IIOre than 10,000 acre-feet per year (Thanas and Nelson 1948,
p. 186), and discharges were estimated to range from about 13,000 to 17,000
acre-feet per year during 1969-85. According to available reoords, 230 wells
were constructed during 1947-59, 70 wells were constructed during 1960-68
(BoIke and waddell, 1972), and an additional 90 wells were oonstructed during
1969-85, for a total of about 1,600 wells. Many of the older wells have since
been destroyed, abandoned, or replaced; therefore, the exact number of usable,
existing wells is unknCMIl. '!he wells vary fran large-diameter municipal wells
to small-dianeter fleMing wells used for danestic and stock water.

22



111° 57' 30"

I

FA R JIlINC; Tn\! l!.'l \.
40° 55'45"-

I
r'

40°52'30"-

(,

i
d

R. 1 W.

111" 52' 30"

I / .. - ..../ ',,-
Ricl1)
/ .

Barnord

;"
-,.'

f1. 1 E.

r.
2
N.

Base from U.S. Geological Survey 1,125,000 quadrangle,
Great Salt Lake and vicinity, Utah, 1974

o 2 MILES
I I I

o 1 2 KILOMETERS
CONTOUR INTERVAL, IN FEET, VARIABLE

NATIONAL GEODETIC VERTICAL DATUM OF' 1929

EXPLANATION
----5-- - LINE OF EQUAL WATER-LEVEL CHANGE, IN FEET--Dashed where approximately located.

Contour interval 5 feet. + indicates rise in water level, - indicates decline in water level

• OBSERVATION WELL

Figure 8.--Change in ground-water levels in the aquifer system in the
Bountiful area, 1946-47 to 1985.

23



Most well discharge in the Bountiful area is from municipal and
industrial wells. Annual withdrawal of ground water for municipal and
industrial use increased fran less than 7,500 acre-feet before 1960 to more
than 10,000 acre-feet in 1980 to supply a :fX)p..1lation that increased fran about
23,000 in 1960 to about 54,000 in 1980 (table 1). The annual discharge from
wells during 1969-85 averaged about 8,700 acre-feet and ranged fran about
7,000 acre-feet in 1975 to about 12,000 acre-feet in 1985. The discharge fran
about 30 municipal and industrial wells was detennined fran reoords, beginning
in 1955, provided by the owners and by Weber Basin Water Conservancy District,
which sUfPlies water for municipal and industr ial use.

The afProximate boundary of flowing wells in 1954 and 1985 is shown in
figure 9. The flowing-well boundary fluctuates seasonally and over pericrls of
several years; thus, it is only an awroximate boundary. The total percentage
of wells that are within the area of flowing wells was determined from
drillers' logs of wells, previously published data, and data collected at
wells during 1985. According to Smith and Gates (1963, plate 2), about 900
wells flowed in 1954. Since 1954 about 400 wells have been drilled in the
Bountiful area and an estimated 75 percent, or 300, of toose wells flowed at
land surface •

Estimates of discharge fran flowing wells prbnarily were determined fran
data collected fran 249 wells within the entire East Shore area. Most of the
249 wells are in five sections inventoried by BoIke and Waddell (1972, p. 7),
and more than 100 of those wells are in the Bountiful area in section
(B-2-1)26 (fig. 9). Of the 249 wells, 39 percent were valved or pumped, 27
percent were flowing continuously, 16 percent no longer flowed, and 18 percent
were plugged or unused. These percentages, the total nurrt:>er of wells in the
flowing-well area, and estbnates of discharge based on well type (Clark and
others, 1990, p. 66), were used to estimate total discharge fran the flowing
well area.

EXPLANATION FOR FIGURE 9

EXPLANATION

r::::::l APPROXIMATE AREA IN WHICH WELLS WERE NOT FLOWING DURING THE SUMMER
L...:..:J OF 1985 BUT WERE REPORTED TO HAVE BEEN FLOWING IN 1954

!::I~~}~~~::~::~@~~I SECTION (B-2-1)26 USED TO ESTIMATE DISCHARGE FROM FLOWING WELLS

AREA IN WHICH WELLS WERE FLOWING IN 1985

__ BOUNDARY OF FLOWING WELLS IN 1954

BOUNDARY OF FLOWING WELLS IN 1985
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Discharge fran valved or pmped flowing wells was estimated to average
1,000 acre-feet per year, and discharge fran oontinuously flowing wells was
estimated to average 4,000 acre-feet per year. An estimated 300 small
diameter wells are used for donestic, stock, and irrigation p..1rposes outside
the flaving-well area, and discharge fran these wells was estiooted to average
500 acre-feet per year. The total annual discharge fran all wells oot used
for rrunicip:ll or industrial use is estimated to average about 5,500 acre-feet
per year; however, the discharge ooy vary oonsiderably fran year to year.

waterways, Springs, and seeps

Discharge from the aquifer system in the Bountiful area to waterways
(drains, ditches, and streams) and by springs and seeps averages 10,000 acre
feet per year based on an estimated range of 7,500 to 13,000 acre-feet per
year, including minor discharge to the Jordan River. The estimates of
discharge are based on about 40 measurements or estimates made during the
spring of 1984. The estimated average annual discharge might be greater than
the actual long-term average because precipitation for 1984 and the 3
preceding years was about 150 to 200 percent of rormal.

Discharge to drains in the study area ranged fran 0.5 to 1.1 cubic feet per
seoorrl per square mile. Measurerrents were made on all known drains and are
assumed to represent total drain discharge within the study area. The
measurements were made before the irrigation season and after the past
season's irrigation water had drained off. '!herefore, they were assumed to be
representative of base flow conditions, which mainly include ground water
derived fran up.vard leakage fran the aqu.i.fer system.

Discharge fran the aquifer systan in the Bountiful area varies seasonally
and annually, depending on changes in the artesian pressure wi thin the aquifer
systan. Many of the springs and seep:; are in areas where the altitude of the
potentiometric surface is slightly above land-surface altitude, generally at
the headwaters of drains and ditches. The discharge by upward leakage
typically is largest in the spring when ground-water levels are highest, and
smallest in the fall when ground-water levels are lowest. Discharge by upward
leakage to waterways and by springs and seeps generally is assumed to be
greatest in areas where the oonfining unit overlying the aquifer system in the
Bountiful area is thin and perneable.

Evapotranspiration

The Bountiful area includes about 9,000 acres of land where upward
leakage fran the aquifer system is a source of water for evapotranspiration.
This is about 10 percent of the area where evapotranspiration occurs in the
entire East Shore area. The area of evapotranspiration is about the same as
the area where artesian pressure in the oonfined parts of the aquifer systan
was great enough to cause wells to flow in 1985 (fig. 9). About one half of
the area is non-cro};:Ped, ron-irrigated, and vegetated, and the reooining part
is irrigated cropland.

Some of the shallow ground water available for evapotranspiration
originates as upward leakage fran the aquifer system in the Bountiful area.
'!he leakage is taken up by plants, evaporated to the aboostilere, or discharged
to drains. '!he remaining water ronsumed by evapotranspiration is supplied by
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local precipitation, applied irrigation fran adjacent irrigated land, or fran
waterways.

Evap::>transpiration of water by l.Ip'lard leakage fran the East Shore aquifer
system in the EblIDtiful and weber Delta area (fig_ 1) was estimated to range
from a minimum of 4,000 acre-feet per year to a maximum of 11,000 acre-feet
per year, and averaged about 8,000 acre-feet per year (Clark and others, 1990,
p. 78). The estimates were based on a field inventory of :fhreatophytes in
non-irrigated areas, evapotranspiration rates for those phreatophytes,
quantity of effective precipitation, estimates of excess water from
irrigation, and water in waterways (Clark and others, 1990, p. 78).

Data were not available to compute a separate estimate of
evapotranspiration for the aquifer system in the Bountiful area; therefore, it
was assumed that about 10 percent of the total evapotranspiration, or about
800 acre-feet per year of ground water, was discharged fran the CGUifer system
in the Bountiful area by evap::>transpiration. 'Ibis estimate is based on the 10
percent of land the EblIDtiful area occupies in the entire East Shore area.
Additional evapotranspiration in the Bountiful area is fran applied water fran
flowing wells or surface water, return flow from upgradient irrigated areas,
or from direct precipitation; however, it does not carne directly fran the
CGUifer system in the Bountiful area, and therefore, is not included in the
800 acre-feet.

Diffuse seepage to Great salt Lake

Ground water discharges by diffuse seepage fran sedirrents lIDder the east
side of Great salt Lake. 'Ibe total annual grolIDd-water discharge to the lake
was estimated for the entire East Shore area, including the EblIDtiful area, to
be 50,000 acre-feet per year (Clark and others, 1990, p. 79). The estimate
was based on the average hydraulic conductivity, the hydraulic gradient at
wells near the lake, the length of the cross-sectional area, and an assumed
saturated thickness of the aquifer system of 1,000 feet.

An estimate of discharge fran the aquifer system in the Bountiful area
based on a hydraulic conductivity of 17 feet per day, a hydraulic gradient of
0.0016, and a length of 35,000 feet, is 8,000 acre-feet per year. These
values are consistent with values used by Clark and others (1990, p. 79) for
the East Shore area; however, sate of the estimated discharge, perhap:; as nuch
as 3,000 acre-feet per year, discharges upgradient in the flatlands east of
Great salt Lake to drains, ditches, and spr ings. The total annual ground
water discharge from the aquifer system in the Bountiful area by diffuse
seepage to the lake is estimated to be about 5,000 acre-feet per year.

Surrmary of the Estimated Hydrologic B..1dget
for the Aquifer System in the Bountiful Area

The estimated hydrologic budget for the aquifer system in the Bountiful
area is surnnarized in table 6. An estimate of the long-term average for both
recharge to and discharge fran the aquifer system in the Bountiful area is
abalt 28,000 acre-feet per year (table 6).
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Table 6. --Estimated hydrologic budget for the aquifer system
in the Bountiful area, 1969-85

Recharge

&1dget cart[X)nent
Acre-feet per year

(roomed)

Seepage from stream channels 7,100

Seepage from irrigated fields, lawns, gardens, and 5,100
precipitation

Subsurface inflow fran oonsolidated rocks 14,000

Total (rounded) .. 26, 000

Disd1arge

Wells 14,000

Waterways, springs, am seeps 10,000

Evapotranspiration 800

Diffuse seepage to Great salt Lake 5,000

Total (rounded) •• 30,000

The budget components for recharge and discharge were estimated
indepemently; therefore, the totals do rot necessarily agree. '!he difference
between the total estimated recharge am discharge primarily is the result of
a lack of reliable, definitive data for calculating some of the individual
parts of the budget, particularly subsurface inflow fran consolidated rocks,
discharge to waterways and springs, am diffuse seepage to Great salt Lake,
which are major parts of the total budget. '!he difference probably is not the
result of long-term decreases in ground-water storage. If part of the
red1arge from streams occurs downstream fran the cross section used to compute
subsurface inflow fran consolidated rocks, then total red1arge could be larger
by several thousand acre-feet per year.

SIMJIATICN OF '!HE J\QUIFER sysrEM IN '!HE BJUNl'IFUL AREA

A princiPal purpose of this study was to simulate flow in the aquifer
system in the Bountiful area using a caTlp-lter nodel. '!he East Shore aquifer
system, as described by Clark and others (1990), includes the Bountiful and
the weber Delta areas. Carputer simulation of the aquifer system in the Weber
Delta area, which forms the northern boundary of the Bountiful area, is
described by Clark am others (1990).
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The shalloo water-table zone in the topographically lowest part of the
Bountiful area (not included in the aquifer system in the Bountiful area as
defined in this rep:>rt) was included in the nodel because upward discharge of
water into the shallow water-table zone from the aquifer system in the
Bountiful area was simulated by the model. In contrast, recharge to the
water-table zone by local precipitation and large quantities of seepage fran
excess irrigation, and subsequent discharge of this water, were not included
in the model because few data on these processes were available.

The model was constructed and calibrated using available data on aquifer
properties, historic water-level changes, and components of the hydrologic
budget to learn more about the aquifer system in the Bountiful area and how it
functions, and to improve the estimates of its hydrologic <Xlf{X>nents. The
calibrated model was then used to simulate changes in ground-water levels,
discharge, and storage caused by projected increases in ground-water
withdrawals by pt.nnpage and possible changes in recharge.

Design and Construction of the Ground-water M::>del

Data used to construct and calibrate the model were collected during
hydrologic studies in the Bountiful area that span about 50 years. Data fran
Thomas and Nelson (1948) were used for steady-state calibration; data from
Smith (196l), Smith and Gates (1963), BoIke and waddell (1972), and Plantz and
others (1986) were used for transient-state calibration; and data from
previous sections of this report were used for various aspects of the model
calibration.

General Description of the M::>del

The area simulated by the model focuses on ground-water flow in the
aquifer system in the Bountiful area. The boundaries are based on the
p:>tentiometric surface as shown in figure 6 and on narrowing of the basin-fill
area between the mountain front and Great salt Lake, north of centerville.
The p:>tentiometric contours are closely spaced at both the north and south
boundaries indicating that most of the flCM is directly from the mountains to
the lake, and little, if any, flCM crosses these boundaries.

The three-dimensional, finite-difference numerical nodel developed by
McIbnaid and Harbaugh (1988) was used to simulate flCM in the aquifer system
in the Bountiful area. M:>st of the data used for the sirrulations were based
on average conditions, or were estimated where there was a lack of
measurements. Therefore, the simulations are a simplification of the natural
system, and the results should be applied with discretion.

The finite-difference model uses a series of rectangular blocks in which
hydraulic properties are assumed to be uniform. The model calculates the
hydraulic head at the p:>int or ncrle that is at the center of each block. With
the calculated head values, the rate and direction of ground-water flow
through the system can be determined. Data used in the calculations include:
boundary conditions, initial heads, hydraulic properties of the aquifers and
confining units, and rates and distribution of recharge and discharge. The
algorithm used as the matrix solver for the differential equations of ground
water flow in the model is SIP, or the strongly implicit procedure (McIbnald
and Harbaugh, 1988, p. l2-l).

29



SUbdivision of the Aquifer System

The model consists of two layers, one representing the shallow water
table zone and the other representing the confined or unconfined intervals of
the aquifer systan in the Bountiful area. The layers have different lateral
extents as shown in figure 10. layer 1, which is used to sinulate discharge
to the shallow water-table zone from the underlying aquifer system, is
simulated only where the ];X)tentionetric surface of the aquifer systan is near
or above land surface, roughly corresponding to the area of evapotranspiration
in figure 10. Layer 1 is simulated only as it relates to the underlying
layers, thus, there is no recharge to or discharge from layer 1 except the
water that has moved upward from layer 2. Layer 2 represents the confined
interval of the aquifer systan deeper than 100 feet and the unconfined parts
of the aquifer systan near the rrountain front. Layer 2 is sinulated over the
entire area of active cells shown in figure 10.

MJdel Grid

A block-centered grid with equal spacing was used to sinulate the aquifer
system in the Bountiful area. The block-centered grid was formulated by
dividing the model area with t~ sets of parallel lines perpendicular to each
other. In the block-centered forrrulation, the blocks fomed by the sets of
parallel lines are the cells am the nodes are at the center of the cells. A
node represents a block of porous material within which the values of
hydrologic properties are constant throughout the volune of the cell (Mcronald
and Harbaugh, 1988, p. 2-5).

EXPLANATION FOR FIGURE 10

EXPLANATION

~ GENERAI:HEAD BOUNDARY CELLS--Layer 1

I::::: :1 EVAPOTRANSPIRATION CELLS--Layerl

k}(] INACTIVE CELLS.. Layer 1

o INACTIVE CELLS·-Layers 1 and 2

DOT INSIDE CELL INDICATES ACTIVE
CELLS-·Layers 1 and 2

-- BOUNDARY OF MODEL AREA
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Figure 10.--Location of active, inactive, evapotranspiration, and general-head boundary
cells in the model of the aquifer system in the Bountiful area.
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The grid consists of 31 columns and 33 rows. All cells are equally
dinensioned at 0.25 mile per side with an area of 0.0625 square mile. A total
of 2,046 cells were used in the model, of which 1,350 were active cells.
Layer I has 580 active cells, am layer 2 has 770 active cells. '!he cells in
the sinulated area are slx>wn in figure 10.

BouOOary Comit ions

The inactive cells illustrated in figure 10 are simulated with
transmissivity values of zero, and therefore, are no-flow bouOOaries that
surroum the area of active cells. 01 the east, the roodel bouOOary was about
one-half mile east of the contact between the unconsolidated basin-fill
dep::>sits am the consolidated rock. This boundary was chosen in order to
simulate subsurface inflow from the consolidated rock. In the southwest, a
oo-flow boundary was placed on the western side of the Jordan River, and in
the northwest a no-flow boundary was placed several miles west of the
shoreline of Great Salt Lake. These boundaries were assumed to be the
westernmost extent of ground-water flow fran the study area. '!here may be
sane ground-water flow across this bouOOary toward the west; however, any flow
is assumed to be negligible. A oo-flow boundary umer layer 2 was simulated
on the assumption that there was no substantial vertical interchange of water
between layer 2 and deeper strata, altoough mioor quantities of that water may
discharge along fault zones.

A general-head boundary was used to simulate inflow fram the aquifer
systan in the Bountiful area into Great Salt Lake (fig. 10). General head
boundary cells were designated in layer 1 acoording to the area oovered by
water when the lake was at an altitude of 4,197 feet. Layer 1 in this area is
assumed to represent the lake bottan, am specified heads were set at 4,197
feet for steady-state calibration. No-flow boundaries were placed at the
northern and southern boundaries of the roodel area simulating a stream line
across which there is assl.lIIed to be 00 flow.

During steady-state calibration, oonstant-head oodes were used in layer 2
(fig. 11) to simulate subsurface inflow fran consolidated rocks along the
Wasatch Front. Constant-head nodes were initially placed along the eastern
boundary of the rrodel area, generally near strearrs within the Wasatch Range.
The initial head values for these nodes were estimated from water levels
I1Easured in wells cxxrpleted in consolidated rock or near the boundary of the
consolidated rock am basin fill. After steady-state calibration, flow rates
fran the constant-head nodes were used as oonstant-flux recharge rates dur ing
transient sinulations, am the constant-head nodes were eliminated.

Model Parameters

Initial Comitions

Many of the initial data used for simulations of the aquifer system in
the Bountiful area are fran Ttanas and Nelson (1948). In areas where data on
historic water levels, recharge, discharge, or hydraulic properties were not
available, data from this study were used to awroximate initial conditions.
Groum-water withdrawals prior to 1947, primarily fran flowing wells, did not
substantially affect water levels (fig. 7); thus, water levels measured in
about 200 wells during 1946 were used as initial water levels in the areas
where data were available.
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EXPLANATION
1:"":1 CONSTANT FLUX NODE--Number indicates constant recharge in
~ hundreds of acre-feet, layer 2

IYY] DRAIN CELL--Layer 1

r-:-:-l CONSTANT-HEAD NODE--Number indicates constant recharge in
~ hundreds of acre-feet, layer 2 for steady-state simulations

--- BOUNDARY OF MODEL AREA

R. 1 w.

Base from U.S. Geological Survey 1 :125,000 quadranj(le,
Great Salt Lake and vicinity, Utah, 1974

o 1 2 MILES
f-I--",-----'-'----,,----,

o 1 2 KILOMETERS

CONTOUR INTERVAL, IN FEET, VARIABLE
NATIONAL GEODETIC VERTICAL DATUM OF 1929

R. 1 E.

Figure 11.--Rate and location of constant-recharge values,and drain areas used for steady-state
simulations in the model of the aquifer system in the Bountiful area.

33



Recharge

Recharge from seepage from streams, irrigated fields, and lawns and
gardens, and fran precipitation within the red1arge area was sinulated in the
nodel using oonstant-flux nodes in layer 2 (fig. 11). Rates of recharge from
sources other than subsurface inflow were based on values calculated or
estirrated in the ground-water recharge section of this report. The location
of the constant-flux nodes required some minor adjustment during the
calibration process.

Recharge by subsurface inflo.v from oonsolidated rock of the Wasatcn Range
to the basin-fill deposits of the aquifer system in the Bountiful area was
sinulated during steady-state calibration using oonstant-head rroes in layer 2
(fig. 11). Constant-head rroes were initially placed in IOClSt cells along the
eastern boundary. However, when the calculated or estimated red1arge rates
primarily fran seepage from streams and direct infiltration of precipitation
were added to the model, the flow from many of these constant-head nodes
became negligible, and the constant-head boundary at these nodes was
eliminated. Follo.ving steady-state calibration, all oonstant-head nodes were
replaced by specified flux nodes where inflow fran consolidated rocks was not
negligible. The constant-recharge values sho.vn in figure 11 are the final
values after steady-state calibration was complete.

Hydraulic Properties

The transmissivity values of the aquifer system in the Bountiful area
were estimated in part from data derived from aquifer tests (table 4);
however, insufficient aquifer test data were available to adequately estimate
transmissivity values over the study area. Transmissivity values were
estirrated fran specific capacity values, average hydraulic conductivity, and
aquifer systan thickness.

Specific-capacity values were obtained fran records of wells within the
Bountiful area. 'Ihese values aoo infornation about the well depth, dianeter,
and open intervals were used to estimate transmissivity values for the aquifer
systan in the Bountiful area ('Iheis and others, 1963).

Transmissivity values also were estimated by multiplying the thickness of
sediments described in drillers' logs by the estimated hydraulic oonductivity
for those sedirrents. Values of hydraulic oonductivity were fran Clark (1984,
p. 14), Mower (1978, p. 16), and from calculated values of transmissivity
listed in table 6.

The information on hydraulic properties was used to prepare initial
contour maps of transmissivity. These values were modified during the
calibration process. Layer 1 was simulated with transmissivity values based
on lithologies from drillers' logs of wells and an assumed thickness for layer
I of 100 feet or less. Transmissivity values ranged from 250 feet squared per
day in the valley lowlands to about 1,000 feet squared per day at the eastern
boundary of layer 1.

Transmissivity values for layer 2 in the final calibrated model (fig. 12)
range from less than 1,000 feet squared per day in the southern and oorthern
parts of the Bountiful area to greater than 15,000 feet squared per day in the
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east-central part of the area. Values of transmissivity are largest where the
basin-fill sediments are thick and relatively rore permeable, primarily in the
area where the sediments fran Mill, Iblbrook, and Stone Creeks coalesce near
the city of Ibuntiful.

Vertical conductance between the model layers was initially estimated
from equations in the model documentation (M::lxmald and Harbaugh, 1988, p. 5
11 to 5-18), and fran calculations and estimates based on aquifer tests during
this study and from nearby areas. An initial average vertical hydraulic
comuctivity of about 1 X 10-3 fcot per day was determined fran these rrethods.
The initial value was then altered during steady-state calibration to
approximately reflect the areal pattern of vertical head gradients as
determined using data from Thomas and Nelson (1948, p. 166, pl. 2).
Comuctance values were larger in the recharge areas near the rountain front,
in order to reflect the absence of confining layers in the area. The final
distribution of vertical hydraulic conductivity values ranged from about 3 X
10-5 foot per day to about 3 X 10-3 foot per day.

storage-coefficient and specific-yield values were required for the
transient-state calibration. Initial values were fran aquifer tests conducted
in the East Shore area (Clark and others, 1990, table 5) where storage
coefficient values averaged about 9 X 10-5 and specific yield values were
estirrated to be 0.1. These values were modified during calibration. The
final values of storage coefficient ranged fran 7 X 10-4 to 2 X 10-3 am the
final values for specific yield ranged fran 0.05 to 0.20.

Discharge

Discharge to drains, dj.tches, and streams was simulated in the nodel with
the use of the 'Drain' subroutine (McDonald and Harbaugh, 1988, p. 9-1), which
requires information about the altitude of the water in the drain and a
conductance term for the interface between the aquifer and the drain. The
altitudes used for the water in the drains were based on the altitudes of
land-surface and water levels, where available, in the sane area. Drain cells
were used in model layer 1 and are stx:>wn in figure 11. In this application,
the conductance is defined as the product of the hydraulic oonductivity am
the area of the drain channel, divided by the thickness of the material
separating the drain fran the aquifer.

Initially, a oonstant value for conductance was used for all drain cells;
the conductance values were varied during calibration but were within a range
of reasonable values to reproduce observed water levels (heads). In areas of
relati vely large discharge to drains, the conductance values generally were
made larger. Final values of conductance ranged from 0.01 to 0.85 foot
squared per second.

Simulation of discharge to drains was based on measured water levels
rather than measured drain discharge, in order that values of rreasured am
sinulated total drain discharge might be canpared. At the end of the steady
state calibration, the quantity of discharge to drains, as sinulated by the
nodel, was nearly equal to the discharge measured in the same area am totaled
about 11,000 acre-feet per year.
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Initial values for discharge from wells were derived primarily from
Thomas and Nelson (1948) with the location of fla\'ing wells fran Smith and
Gates (1963, plate 2). Discharge fran flowing wells was based on the number
of wells in a particular cell and the estimated discharge fran wells in that
area. Discharge from pumped wells was based on available records. The
initial value for discharge fran wells was about 10,000 acre-feet per year.

Part of the upward leakage from layer 2 to layer 1 discharges by
evapotranspiration. Evapotranspiration from layer 1 was simulated in the
nodel by a head-dependent option, which assumes a linear change between a
maximum evapotranspiration rate, when the water level is at or above land
surface, and no evapotranspiration when the water level is at or below a
specified extinction depth (McDonald and Harbaugh, 1988, p. 10-1). An
extinction depth of 5 feet and an evapotranspiration rate of 0.4 feet per year
were used. Only a small part of the total evapotranspiration in the study
area originates fran the aquifer system in the Bountiful area, and at the end
of steady-state calibration, this quantity was calculated by the roodel to be
about 2,000 acre-feet per year. The cells where evapotranspiration was
simulated are sha-Jn in figure 10.

Subsurface infla\' to Great Salt Lake by diffuse seepage was simulated in
the roodel with a general-head toundary (fig. 10), by assuming that discharge
primarily was by upward leakage from the underlying aquifer system in the
Bountiful area. It was assumed that all ground-water flow beyond the
shoreline eventually discharged into the lake as diffuse seepage through the
lake-bottom sediments and possibly by spring discharge under the lake. The
general head-bourXiary was used so discharge to the entire area inundated by
the lake could be sinulated, arrl the specified heads (representing lake stage)
oould be changed, if necessary, as part of the transient-calibration process.
The conductance values between the external specified heads (lake altitude)
and the nodel cells were awroximated based on a vertical oorrluctance term of
5.5 feet squared per second used in sirulations of areas east of the lake.

Model calibration

The model was first calibrated to steady-state conditions which were
assumed to exist in 1946. The final water levels from steady-state
calibration were then used as initial heads for the transient-state
calibration. Values for witlXirawals fran and recharge to the aquifer system
in the Bountiful area were varied for the transient-calibration period fran
1947 to 1985.

Steady-State calibration

Calibration of the model to steady-state conditions involved the
compar ison of measured water levels for layer 2 with cx:xrputer-generated water
levels. The water levels generally were from 1946 when Thanas and Nelson
(1948) measured water levels in atout 200 wells in the Bountiful area. The
mid- to late 1940's was a period of relative stability in precipitation, water
levels, and well discharge, and therefore, only small changes in storage were
assumed to have occurred in 1946 and preceding years (fig. 7). For the
p..1rpose of simulations, steady-state conditions were assumed to exist in 1946.
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During the calibration to steady-state conditions, some values of the
system characteristics were adjusted. Values most commonly adjusted were
vertical conductance, drain oonductance, and the starting heads for constant
head nodes. Some constant-head nodes near the eastern boundary were
eliminated during calibration as flow from the nodes became negligible.
Transmissivity values were changed only slightly, as they were considered to
be sane of the most reliable data.

As part of the calibration process, computed water levels at specified
nodes were canpared with water levels rreasured in 1946. Conparisons were made
at 139 nodes in layer 2. The location of the cells associated with these
nodes are sho.vn in figure 13. The calibration cells are representative of the
distribution of wells across the area. A particular node or area was
considered calibrated if the model-computed water level was within a
predetermined range of the m=asured water level. The criteria for this range
were determined fram the location of the measured water level in the model
cell and the contoured gradient across the cell. Near the noW1tains, where
the gradient is steep, the range was large, as much as 50 feet or even greater
in a few places. Near Great Salt Lake, a Canplted water level needed to be
within 10 feet of the m=asured water level to be considered calibrated.

The criteria set for calibration was not met at the end of the steady
state calibration at 13 of the 139 ncdes (fig. 13). About one half of the 13
nodes are in the primary or seoondary redlarge areas where the gradient of the
potentiometric surface is steep. The remaining uncalibrated nodes are
scattered throughout the simulation area.

At the oonclusion of the steady-state calibration, the fla.v rates for the
oonstant-head nodes along the nountain front, as calculated by the IOOdel, were
entered as recharge rates at specified-flux nodes, and the constant-head nodes
were eliminated. These rates, which approximate subsurface inflow from
oonsolidated rocks, total about 13,000 acre-feet per year. The constant
recharge rates for all sources at the end of steady-state calibration are
sha.vn in figure 11. The total recharge to these ncdes is about 25,000 acre
feet per year.

constant-flux recharge values for sources other than subsurface inflow
were initially placed in model cells near actual locations. During
calibration procedures, it was necessary to reassign some of the rates to
adjacent or nearby ncdes in order to rrore accurately simulate m=asured water
levels. After steady-state calibration, some of the recharge rates from
seepage from stream channels were assigned to nodes farther da.vnstream in the
model grid than initially located. In some cases, the final assignment of
recharge rates placed values for stream channel seepage in nodes downstream
fran the location of the cross section used to calculate subsurface infla.v am
within the secondary recharge area rather than the primary recharge area.
Despite these reassignments, the total recharge simulated by the model
remained similar to the total recharge calculated or estimated in this report.

Conparisons of water-level oontours drawn by Thomas and Nelson (1948,
fig. 17) and contours drawn using calputed water levels for layer 2 at the em
of steady-state calibration are shown in figure 14. The contour patterns
match fairly well in areas where there is sufficient historical data.
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Cross sections in figure 15 compare the potentiometric surface of the
aquifer system in the Bountiful area based on measured water levels in 1946
and the <XlITputed water levels for layer 2. An offset of 1 year between m:x1el
simulation periods and water-level~easurement periods occurs because March
water levels of a given year are used to represent water-level conditions on
December 31 of the previous year. The cross sections match fairly well in
most areas, with differences occurring primarily where water-level gradients
are relatively steep.

Differences in the shape of water-level contours and cross sections
generated from the Canp..lted and rreasured data are a result of simplification
and errors in modeling. In general, however, the contours and cross sections
are similar, indicating that the canp..lted values are a reasonable, non-unique
approximation of steady-state conditions.

Part of the steady-state calibration was the ongoing procedure of testing
the sensitivity of the calibrated model. Values in sooe of the hydraulic
property arrays were varied within a range of values constrained by the range
of koown values. Transmissivity values representing the aquifer system in the
Bountiful area were assurred to be fairly accurate in most areas, especially
for layer 2; therefore, changes that could be made in the transmissivity
values and still be within a realistic range of measured or estimated
transmissivity values were relatively small. A 25-percent increase or
decrease in the transmissivity value in an area resulted in relatively small
changes in water levels, except in areas with steep head gradients.

The values of vertical hydraulic conductivity were not well defined, and
the range of realistic values spanned at least two orders of magnitude.
O1anges in the vertical hydraulic conductivity within this range resulted in
some large water-level changes from the calibrated results. The final
distribution of vertical hydraulic conductivity ranged from about 3 x 10-3

foot per day near the mountain front to about 3 x 10-5 foot per day in sooe
areas representing the valley lowlands.

Changes in the conductance values used in the "General-Head Bourrlary"
subroutine (~Ibnald and Harbaugh, 1988) did not substantially affect either
water levels or discharge frem cells unless the calibrated cooouctance term
was changed by at least one order of magnitude. In areas of large ground
water discharge to drains, however, only minor changes in drain conductance
values resulted in substantial changes in the drain discharge, water levels,
or both.

Transient-State calibration

Calibration to transient-state conditions consisted of establishing data
bases for the years 1947 to 1986. Data included (1) 1947-85 withdrawals from
mmicipal, iooustrial, flowing, and small-discharge p..utped wells and (2) 1947
86 water-level data. Transient-state calibration was initiated by simulating
withdrawals frem wells.for 1947-85 and comparing the resultant computed water
levels with water levels measured during 1947-86. Water-level changes were
computed at the end of each of the 39 I-year p..urping periods during the 39
year transient calibration.
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Records of withdrawals for municipal and industrial use are fairly
complete from 1955-85; however, there is little infonnation on pumpage prior
to 1955. Most withdrawal records are given as a total for a user; therefore,
it was necessary to asSLlIl'E that total p.mpage was divided equally among all
wells owned by the user, unless information was available for individual
wells. In the case of wells drilled during a year in which pumpage was
estimated, it was assumed that the well went into production the following
year.

Annual discharge from municipal and industrial wells ranged fran about
4,900 acre-feet in 1960 to about 12,000 acre-feet in 1985, and averaged about
7,800 acre-feet during 1955-85. Discharge from flowing wells and small
discharge pumped wells was estimated as described earlier in this report.
Total annual withdrawal from wells during 1955-85 averaged about 15,000 acre
feet and ranged fran about 12,000 acre-feet in 1960 to about 19,000 acre-feet
in 1985.

The cells where discharge by municipal and industrial, flowing, and
small-discharge pumped wells was simulated during transient-state calibration
are shown in figure 16. All wells were simulated in at least one pumping
period, but not necessarily in all p.mping periods. '!he flowing-well area is
essentially the same as that simulated during steady-state calibration with
the addition of a few cells where wells were drilled after 1946.

As part of the calibration, total recharge to the aquifer system in the
Bountiful area was assumed to vary from periods of less-than-average
precipitation to periods of greater-than-average precipitation. In addition,
water imfx:lrted from the weber River affected the total recharge to the system.
During the late 1950's and early 1960's, precipitation was much less-than
ave rage (f ig. 7), and water levels declined because of a decrease in recharge
and an increase in withdrawals. A decrease in withdrawals and the beginning
of the importation of Weber River water in the early 1960's caused water
levels to rise. Water levels in wells fluctuated from 1965 to 1985 in
response to increased withdrawals, changes in recharge, or both. When a
constant recharge rate was used during transient calibration, it resulted in
water-level changes that cx:mpared p<:X)rly with measured changes of water-level
declines in the area. As a result, it was necessary to simulate yearly
changes in the total quantity of recharge for the 39 stress periods.

The changes in yearly recharge rates initially were derived by methods
used for the canp..1ter nodel of the adjoining Weber Delta aquifer system (Clark
and others, 1990, p. 119). '!he methods were based on the assllIIption that when
annual flow in the Weber River was less than average, ground-water recharge
was also less than average. The changes in the recharge rates were then
adjusted for the aquifer system in the Bountiful area on the basis of the
average annual flow in Centerville Creek during 1950-80 and on the substantial
quantity of recharge related to surface water imfx:lrted from the weber River.
'!he simulated total annual recharge rates varied from 20,600 acre-feet in
1954, before the imfx:lrtation of surface water, to 32,000 acre-feet in 1983, a
year with much greater-than-average precipitation.
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During transient-state calibration, changes to the storage coefficient
array had little effect on the IOCldel results. A constant value of 7 x 10-4

was used for the roof ined parts of the aquifer systan simulated by layer 2. A
storage coefficient value of 2 x 10-3 was used for layer 1 where upward
leakage from layer 2 was simulated in the valley lCMlaoo plain. Where parts
of the aquifer system simulated by layer 2 are unconfined near the mountain
front, specific-yield values of 0.05 to 0.2 were used, and in the easternm::>st
cells representing layer 1, a value of 0.2 was used. About 28,000 acre-feet
was simulated as being rerroved fran ground-water storage between 1947 aoo the
introduction of irnpJrted surface water in the early 1960's, which accompanied
an increase in annual precipitation. Fran the early 1960' s until the end of
transient-state calibration in 1985, simulated ground-water storage increased
about 19,000 acre-feet, for an overall simulated decrease in ground-water
storage of about 9,000 acre-feet.

The ground-water budget resulting fran the steady-state and transient
state calibrations, changes in total recharge, and the various tyPes of
discharge for 1947-85 are shown in table 7. Total recharge generally
decreases, with sate fluctuations, until 1962. After 1962, simulated recharge
increases and remains greater than pre-1962 values. Discharge to drains aoo
evapotranspiration generally decrease until 1963, and then fluctuate through
1985.

As part of the transient-state calibration process, measured and computed
water-level changes for 7 observation wells were canpared with data for all or
SCIre of the 39-year simulation period (figs. 17-19). Most of the hydrographs
show that the model-computed water levels are close approximations to the
measured levels, eSPecially in the areas of water-level declines (fig. 8)
resulting fran increased wittxlrawals of groooo water. Measured and cx:nputed
water levels could not be matched in some wells near the recharge areas
because actual water levels in these areas change rapidly with changes in
recharge. '

At the completion of transient-state calibration, the 1947-85 period was
sinulated again, using a change in the level of Great Salt Lake to test the
effect of changing lake levels on groond-water levels and budget conp:ments.
'!he actual level of the lake fluctuated about 1 to 1.5 feet annually during
1947-82 and then rose about 10 feet during 1982-85.

During the simulation, the water-level altitude in the general-head
boundary cells that represented Great Salt Lake was raised fran 4,200 feet in
1982 to 4,210 feet during 1985. This simulated change in the lake level
resulted in water-level rises of 5 feet or less in layer 2 near the lake.
water-level changes were negligible in the rest of the study area. Simulated
annual discharge to the lake in 1985 decreased slightly. Discharge by
evapotranspiration deceased by 50 percent because the area of
evapotranspiration decreased as a result of inundation by the rising lake.
Discharge to drains increased by about 1,000 acre-feet, and there was a total
increase in ground-water storage of about 10,000 acre-feet. '!he lake level
receded to 4,193 feet in 1961, which probably resulted in a larger percentage
of the total ground-water discharge IIOving by UJ;Mard leakage into the lake.
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Table 7. --Simulated annual ground-water budget of the aquifer system
in the Bountiful area, 1947-85, in acre-feet per year

Change in storage: Minus (-), decrease in storage; plus (+). increase in storage

Discharge

Wells Drains Evapotrans- Seepage to
pi ration Great Salt

Lake

Year Recharge Municipal Flowi IlJ Change in
and and small- storage

industria1 discharge
~

1946 24.lXl 110,1lx) 11.000 2.100 1,000 2 --
1947 24.400 10.100 1l.1lO 2.000 1,100 - 100
1948 24,400 10,100 11,lXl 2,000 1,100 - 100
1949 24,400 10,100 1l,1lO 2,000 1,100 - 100
1950 24,400 10,100 1l,1lO 2,000 1.100 - 100

1951 24,lXl 10.100 ll,lXl 2,000 1.100 - 200
1952 25,100 10.100 1l,lXl 2.000 1.100 + 200
1953 24,100 12,500 1O.1lO 1,900 1.100 -1.700
1954 20.fOO 12.500 9.8Xl 1,800 1,100 -4.000
1955 22.000 5.700 7,700 9.000 1,800 1.000 -3,000

1956 22.000 6,400 7,200 9.400 1.800 1.000 -3,8Xl
1957 23 , lXl 7,lXl 7.200 9.200 1.800 1.000 -3,200
1958 23,m 7.400 7.500 8,8Xl 1,700 1,000 -3,100
1959 23,200 7,500 7.!DO 8.500 1.700 1,000 -3.1llO
19ffl 23.000 4.!DO 7.000 8.~ 1.700 1,000 - 100

1961 21.000 5,500 8.400 8.lXl 1,700 1.000 -3.lXl
1962 24.000 5,000 8,000 8.m 1.700 1.000 - 000
1963 25,500 6,200 7,200 8,500 1.700 1.000 + 000
1964 31,400 6,8Xl 7.100 9.100 1.800 1.000 +5,fOO
1965 29.1lO 6,m 7.100 9.500 1.800 1.000 +3.000

1966 27.8Xl 7.200 7.100 9.400 1,800 1.000 +l,llO
1967 28.500 7,!DO 6.fOO 9.500 1.800 1,000 +1,700
1968 29.400 8.400 6.fOO 9.700 1,800 1,100 +l,8Xl
19m 29.400 8,000 6,700 9.!DO 1,900 1,100 +1,000
1970 29.lXl 7.700 6,700 10.100 1,800 1.000 +2,000

1971 30,200 8,000 7,200 10.200 1,900 1,100 +1.8Xl
1972 29,600 7,700 7.200 10.m 1,900 1.100 +1,400
1973 29.700 8.8Xl 7.200 10.100 1,900 1,100 + 000
1974 30,400 8,000 7.200 10.200 1.900 1,100 +1.200
1975 30.100 7.200 7,«lO 10.500 1.900 1,100 +2,000

1976 27.000 8.100 8.400 9,700 1,800 1,100 -2,100
1977 22,500 10.m 8,400 8.8Xl 1.700 1.000 -7,700
1978 28.000 8.m 8.400 9.000 1.800 1,000 - 500
1979 27,8Xl 8.700 8.000 8.8Xl 1.700 1.000 -1.200
198) 28.400 9,fOO 8,400 8.700 1.700 1.700 -1.700

1981 30,200 8.000 7.!DO 9.400 1.800 1,000 +2.100
1982 30,700 7.1llO 7.!W 10.000 1.900 1.100 +2,400
1983 32.000 9,500 6.500 10,000 1,900 1.100 +3.000
1984 31.200 10,400 6.100 9.!llO 1,800 1.100 +1.!XJO
1985 28,000 11.fOO 7.100 9.400 1,800 1,000 -2.!XJO

1 Well di scharge fran 1946-54 was rot separated by type of well.

2 Conditions in 1946 rEllresent steady state.
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The carq;:uted water levels and total budget were assumed to be reasonable
non-unique approximations of the aquifer system in the Bountiful area at the
end of the steady-state calibration. I:A1ring the transient-state calibration,
computed water-level changes approximated the measured changes in IOClSt of the
observation wells. 'Iherefore, the roodel was used with discretion to simulate
changes that might occur with potential increases in pl.lIlpage or dlanges in
recharge. Although actual altitudes of the ground-water levels might not be
simulated accurately, the carq;:uted water-level changes derived fram the final
transient-state water levels are considered to be reasonable.

Sensitivity Analysis

A detailed sensitivity analysis was not done as part of the calibration
process. Sensitivity analysis was an ongoing p:irt of the sinulation and was
not conducted sep:irately. A large quantity of data was available for the
simulation of the Bountiful area, particularly water-level and discharge
rreasurements; therefore, the range of estimates for most parameters was not
large. For the hydraulic parameters for which ranges were large, primarily
vertical hydraulic conductivity and storage coefficient, sensitivity analyses
were conducted as part of the sirrulation process.

Storage coefficient values for layer 2 were varied considerably in the
transient-state calibration process. The array for storage coefficient was
decreased and increased by at least one order of magnitude fran the calibrated
array, and there was virtually no change in water levels or budget terns. The
sirrulations probably were not sensitive to changes in storage coefficients
because most of the modeled area was simulated as being under confined
conditions, and water-level and storage changes were relatively small.

Sirulated Effects of Increased Withdrawals

Simulations were made for a 20-year period beginning in 1986 to estimate
water-level changes resulting from continued and increased ground-water
withdrawals from wells. The simulations were made to estimate possible
changes in water levels, water in storage, and distribution of discharge,
using changes fram transient-state rates for both ground-water recharge and
discharge fram wells.

Simulations of the effects of current withdrawals were made using the
average annual rate of pumpage, about 9,400 acre-feet, fram municipal and
industrial wells for 1981-85, the last 5 years of the transient calibration.
The first simulation used the average annual recharge rate for 1981-85, about
30,000 acre-feet. '!his rate includes recharge fran imported surface water and
is larger than the 39-year average of about 27,000 acre-feet. The result of
the sirrulation showed an overall water-level increase of about 5 feet in layer
2 and an increase in ground-water storage of about 5,000 acre-feet.

Further simulations were conducted by increasing the pumpage from
municipal and indU3trial wells over a period of 20 years. 'Ihe actual pumpage
fram these wells had gradually increased by about 50 percent fran the mid
1960 I s through the 1980 I s. Sirrulated discharge fran these wells was gradually
increased fram 9,400 to 14,100 acre-feet per year, while discharge f rom other
wells remained constant at 7,200 acre-feet, for a total well discharge of
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21,300 acre-feet per year at the end of the simulation. Recharge was
simulated at the 1981-85 average of 30,000 acre-feet per year.

The simulated changes depended on the location of the wells where
withdrawal was changed and the location of the nodes where recharge was
changed. As a result, well discharge was changed only in large discharge
wells that were in operation in the 1980's, and recharge changes were
sinulated only in locations receiving recharge fran perennial streams.

The simulation results indicated water-level declines of about 5 to 25
feet throughout layer 2 (fig. 20). Grouoo-water discharge fran sources other
than wells was simulated to decrease fran about 13,000 to 10,000 acre-feet per
year, with discharge to drains decreasing about 2,400 acre-feet per year. A
simulated total of about 25,000 acre-feet of ground water was removed fram
storage during the 20 years.

A 20-year sinulation was made using the 50-percent increase in the 1981
85 pumpage rate (total well discharge of 21,300 acre-feet per year) and a
recharge rate of 25,800 acre-feet per year. The lower recharge rate
represents an average annual recharge rate during a period of less-than
average precipitation. This simulation represents a reasonable estbnate of
increased pumpage and a drier long-term weather pattern. Results of the
simulation indicate (fig. 21) a 10- to 50-foot decline in water-levels across
the simulated area. Flowing-well discharge was kept constant during the
simulation, although it v.uuld unooubtedly decrease. A total of about 70,000
acre-feet was removed from storage during this simulation, and annual
discharge to drains, evap:>transpiration, aoo to Great salt Lake decreased fram
about 13,000 acre-feet to about 7,000 acre-feet.

When the simulations were cx:xrpleted, water-level declines ~re iooicated
across the northern boundary of the nodel area, which was simulated as a no
flow boundary. The oorthern bouooary of the model area was placed where the
aquifer Systffil narrowed between the nountain front and Great Salt Lake. In
this area, the potentiometric surface has a steep gradient, and flow is
directly from the nountain front to the lake iooicating no flow crossing the
boundary. Simulated declines across the northern boundary were probably
greater than would have actually occurred because of the specified no-flow
ooooitionsi ho~ver, in the real system, if p..mpage increased in the Boontiful
area at the simulated rates, purnpage from wells north of the simulated
northern boundary probably v.uuld increase at a similar or greater 'rate. As a
result, the sinulated declines across the northern boundary may approximate
the actual conditions.

The results of the simulations indicate that continued increases in
withdrawals for municipal and industrial use can cause declines in water
levels, especially in areas of large withdrawals. These declines could be
larger than sinulated values if recharge decreased to less-than-average rates,
as in 1955-64 when precipitation aoo streamflow ~re less than nomal. water
level declines of this magni tude oould cause static water levels to decline
below laoo surface in sate areas, and the cessation of flow in same currently
flowing wells. The declines also could cause a decrease in the rates of
natural grouoo-water discharge to drains, by eval,X>transpiration, and to Great
salt Lake.
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Results of simulations based on changes in withdrawals or recharge are
probably valid over a large area; however, simulated water levels may not be
accurate at a specific location because model construction requires
generalizations in the values of hydraulic properties such as vertical
hydraulic conductivity. Simulated water levels in recharge areas may oot be
accurate because changes in recharge from the transient-state calibration
rates apparently have nore effect than increases in withdrawals.

Slf.1MARY AID aN:::LUSIONS

The Bountiful study area is north of salt Lake City at the eastern edge
of the Basin arrl Range physiograI=hic province. Total annual surface-water
inflow to the study area was estimated to average about 28,000 acre-feet
during 1969-84. The aquifer system in the Bountiful area is in the basin-fill
deposi ts of an elongate graben between the wasatch Range and Great salt Lake.
'!he aquifer systan is primarily a oonfined system with unconfined parts along
the nountain front.

Annual ground-water recharge to the aquifer system in the Bountiful area
averages about 26,000 acre-feet per year. The primary sources of recharge are
seepage fram streams, infiltration of excess irrigation water, infiltration of
precipi tation, and subsurface inflow from oonsolidated rock of the Wasatch
Range to the basin-fill dep::>si ts .

Estimates of the hydraulic properties of the aquifers were made fram
aquifer tests, lithologic and SPecific-capacity data, and with the use of a
computer model. Estimates of transmissivity using these rrethods range fram
about 200 feet squared per day where the sediments are predominantly fine
grained to 30,000 feet squaned per day in thick, coarse-grained dep::>sits.

Long-teon water-level data fran most observation wells indicate a decline
in ground-water levels from 1952 to 1962. '!he linportation of surface water
for irrigation arrl consequent decrease in ground-water withdrawals resulted in
a recovery in water levels beginning in 1962. water levels fluctuated fram
1962 to 1985, deperrling on changes in wi thdrawals and precipitation.

The average annual discharge from the aquifer system in the Bountiful
area during 1947-85 was estimated to range from about 26,000 to 30,000 acre
feet, including discharge to wells, waterways, springs and seeps,
evapotranspiration, and diffuse seepage to Great Salt Lake. The annual
wi thdrawal of water fran municipal and industrial wells averaged about 8,700
acre-feet during 1969-85 and ranged from about 7,000 acre-feet in 1975 to
about 12,000 acre-feet in 1985. Withdrawals from these wells gradually
increased to supply the 135 percent increase in population, which grew from
23,000 PeOple in 1960 to 54,000 in 1980.

A three-dimensional, fini te-difference nodel was used to sirrulate flow in
the aquifer system in the Bountiful area. '!he nodel area extended fram the
salt Lake County line oorthward to about one mile oorth of Centerville. The
two-layer model was used to simulate effects of increased ground-water
withdrawals. Layer 1 represented a shallow water-table zone and was largely
used to simulate upward discharge from the aquifer system in the Bountiful
area to the shallow water-table zone in the valley lowlands. Layer 2
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represented the principal aquifer system in the Bountiful area, which was
primarily sil11llated as a confined aquifer with sane unoonfined parts near the
wasatch front.

The m:::rlel was calibrated to steady-state oooo.itions using data for 1946,
and to transient-state conditions using data for 1947-86. Values of various
hydrologic properties and processes ~re evaluated as part of the calibration
process, including transmissivity, ranges for vertical hydraulic-oonductivity
values, and determination of subsurface inflOH fran oonsolidated rock. Also,
var iations of total recharge with time, and changes in discharge to drains,
evapotranspiration, and Great Salt Lake with changes in ground-water
withdrawals and recharge were evaluated. Large rises in the level of Great
salt Lake in 1982-85 ~re sbnulated, with the results indicating only small
rises in ground-water levels near the lake and decreased discharge by diffuse
seepage to the lake.

A pr incipal test of the simulations and the meth::>d of rnocJel calibration
was to reproduce measured water-level fluctuations from 1947-86, and to
simulate the effects of any future increased withdrawals fran municiPal aoo.
industrial wells. Simulations were based on a 50 percent increase in the
1981-85 withdrawals for municipal and industrial use over a 20-year period
while using (1) the average 1981-85 recharge rate of 30,000 acre-feet per year
and (2) an average recharge rate of 25,800 acre-feet per year. rrhe results of
the first simulation indicate water-level declines of 5 to 25 feet and
decreases of grouoo. water in storage of 25,000 acre-feet after 20 years. The
seoond sbnulation results indicate water-level declines of 10 to 50 feet and
decreases of ground water in storage of 70,000 acre-feet after 20 years.
Increased ground-water withdrawals and water-level declines of this magnitude
could cause sane oow-flOHing ~lls to cease flowing and decrease the quantity
of natural ground-water discharge to drains, by evapotranspiration, and to
Great salt Lake.

The sbnulations are based on a transient-state calibrated model. They
are considered to be a reasonable representation of possible changes to the
aquifer systan in the lbuntiful area given assumed increases in withdrawals
and possible changes in recharge; OOwever, the m:::rlel results are general and
oon-unique, and should not be used to evaluate site-SPecific problans.
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