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WETLANDSIN THE FARMINGTON
BAY AREA, DAVIS COUNTY, UTAH—
AN EVALUATION OF THREATS POSED BY
GROUND-WATER DEVELOPMENT AND DROUGHT

by

Charles E. Bishop, Mike Lowe, Janae Wallace, Richard L. Emerson, and J. Scott Horn

ABSTRACT

The east shore area of Great Salt Lake in Davis County,
which contains the Farmington Bay wetlands, isin aformer-
ly rural area along the southeastern margin of Great Salt
Lakethat isnow largely urban and continues to undergo pop-
ulation growth. Most of the development in the Farmington
Bay area uses municipal water sources, principaly wells
completed in the east shore aquifer system, and some agri-
cultural wells continue to be used for irrigation and stock
watering. This population growth and concomitant increas-
es in municipal ground-water pumping could significantly
decrease the amount of ground water discharged from the
principal aguifer system (where most wells are completed) to
the shallow unconfined aquifer system.

The shallow unconfined aquifer overlies confining beds
above the principal aquifer system in the western part of the
east shore area, and provides water to springs and approxi-
mately 18,630 acres (7540 hm?2) of wetlands in ground-water
discharge areas. Decreased recharge to the shallow uncon-
fined aguifer from the principal aquifer due to increased
ground-water pumping could reduce water supply to these
springs and wetlands. Also, water supply to the springs and
wetlands is affected by climatic conditions and Great Salt
Lake levels. Drought conditions during 1999-2004 reduced
the amount of recharge to ground-water aquifers across the
state, negatively impacting the Farmington Bay area wet-
lands. In 2005, the elevation of Great Salt Lake declined to
near its historic lowstand reached in 1963, allowing some
parts of the Farmington Bay wetlands to dewater.

To evaluate the potential impacts of drought and
increased development on the Farmington Bay area wet-
lands, we used existing data to estimate a water budget for
the wetlands area. To determine the potential impacts posed
by increased ground-water development and further drought,
we used two regional, three-dimensional, steady-state and
transient MODFL OW models for the east shore area of Great
Salt Lake to evaluate water-budget changes for the wetland
areas. The modeling suggests that subsurface inflow into the
wetland areas would be most affected by decreased subsur-
face inflow due to long-term (20-year) drought conditions,
but subsurface inflow would also decrease due to increased
municipal and industrial well withdrawals over the same
time period. Therefore, the worst-case scenario for the wet-
lands would be a combination of both conditions. As a con-
servative goal, the Farmington Bay wetlands area should be

managed to maintain its current budget of water, which is
estimated to include at least 16,000 acre-feet per year (20
hm3/yr) of recharge as subsurface inflow.

This study indicates that wetlands in the Farmington Bay
areaare endangered. The threats posed are from drought and
increased development due to population growth, which
could dramatically affect the amount of water the wetland
areareceives. To reduce the potential for degradation of the
Farmington Bay wetlands, restrictions could be placed on the
areas of development, such as allowing development only in
upland environments or placing a non-development buffer
around the wetland areas. Wastewater from sewers could,
where possible, be reused or discharged to the environment
upgradient of the wetlands. Enactment of water conservation
practices would also be beneficia for the wetland environ-
ments.

INTRODUCTION

Background

The Farmington Bay area (figure 1), Davis County, isin
aformerly rural area along the southeastern margin of Great
Salt Lake that is now largely urban (figure 2) and continues
to undergo population growth. Most of the development in
the Farmington Bay area uses municipal water sources, prin-
cipally wells completed in the east shore aquifer system, and
some agricultural wells continue to be used for irrigation and
stock watering. This population growth and concomitant
increase in muncipal pumping (figure 3) could significantly
decrease the amount of ground water discharged from the
principal aguifer system (where most wells are completed) to
the shallow aquifer system.

The Farmington Bay area has been closed to new water
rights appropriations since 1997 (DWR, 2006a, 2006b), so
water rights for development in the unincorporated areas are
primarily obtained through purchase/exchange of existing
rights, mainly those formerly used for agriculture. The com-
bination of population growth and change from agricultural
to municipal water use could significantly decrease the
amount of ground water discharged from the principal, con-
fined aquifer system (where most wells are completed) to the
shallow, unconfined aquifer system. The shallow, uncon-
fined agquifer overlies confining beds above the principal
aquifer system in the western part of the east shore area, and



—112° 00"

Utah

Location of Study Area

Explanation

() Population center
© UGS well nest location
e Public supply well/spring
"~~~ \Water course
Road

D Study area boundary

Farmington Bay

Lake

Kilometers

P wetland
- Water body

Basin fill

- Bedrock

m Farmington Bay Waterfowl Management Area

Legacy Nature Preserve

Figure 1. Farmington Bay area, Davis County, Utah.

Utah Geological Survey

111° 52 30”

)
Bognm.
7

2,
A éﬁoOk o)

. '2/0,9% - 40° 52’ 307
y Woods

[
Cross




Wetlands in the Farmington Bay area, Davis County, Utah

12200
111° 52" 30"

400"

Great

N
Farmington Bay ggﬁ

Kilometers
407 527 30"
Explanation

Land use (Utah Division of Water Resources)
[ urban 2003 (41% of basin-fill area)
I urban 1985 (20% of basin-fill area)
I urban 1968 (10% of basin-fill area)
I wetland (22% of basin-fill area)

- Water body

Basin fill (non-wetland, non-urban)

- Bedrock

©  Population center

Figure 2. Urbanization from 1968 to 2003, Farmington Bay area.



Utah Geological Survey

Supply Wells over 40

Trend for Public-
years

1 Public Supply
Domestic & Stock

B8 [ndustrial

E=Trrigation

40000

35000
30000
25000
20000
15000
10000

(399]-210V) ages|) 19)eA\

Year

Figure 3. Annual water usage by category for the east shore area of Great Salt Lake.
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provides water to springs and approximately 18,630 acres
(7540 hm?2) of wetlands in ground-water discharge areas.

Ground-water discharge areas are predominantly located
in southern Davis County (Anderson and others, 1994). The
amount of ground water discharged from the confined aqui-
fer system could decrease even if no new water rights are
issued, because seepage of unconsumed irrigation/lawn
water contributes nearly 11 to 19 percent of the total recharge
to aquifers in the Farmington Bay area (Clark and others,
1990; Clark, 1991); this component of recharge to the aquifer
system would likely decrease as a result of changing from
agricultural to domestic water usage.

Significant portions of Utah's wetlands are located in
areas surrounding Great Salt Lake, including the Farmington
Bay area. Preliminary estimates from existing Geographic
Information System (GIS) wetlands coverage indicate that
wetlands in the Farmington Bay area occupy about 27 per-
cent of the valley-floor area. Wetlands are important to
diverse plant and animal species (about 45 percent of the
species listed as threatened or endangered under the Endan-
gered Species Act use wetland habitat), clean and abundant
water supplies, and flood and erosion control (National
Wildlife Federation, 1989). The Utah State Water Plan rec-
ognizes the potential impact of increased ground-water
development on these critical natural resources and pro-
clams: “...studies need to be undertaken to ensure that
groundwater withdrawals are not adversely affecting spring
flows nor impairing water rights associated with existing
wetlands’ (Utah Division of Water Resources, 2001).

Purpose and Scope

The purpose of this study is to use existing data to esti-
mate a water budget for the wetlands area, and to use two
existing steady-state and transient ground-water-flow models
developed by the U.S. Geologica Survey (USGS) (Clark and
others, 1990; Clark, 1991) to simulate the hydrologic effects
on wetlands from various recharge rates and projected
ground-water withdrawals at various projected Great Salt
Lakelevels. These simulations can be used to assess poten-
tial threats to wetlands from increased ground-water with-
drawals and drought, and provide a basis for (1) implement-
ing restrictions on domestic withdrawals, (2) assessing water
needs for wetland preservation, and (3) encouraging the
development of water conservation programs.

A second objective is to document the current water
quality of the wetlands area. We used data from water sam-
pled from shallow wells to document the current quality of
ground water flowing into the wetlands area, and to docu-
ment any downgradient changes in ground-water chemistry.

This report provides the necessary integration of geolog-
ic and hydrologic wetland studies to more fully understand
the hydrologic system of the Farmington Bay areain relation
to wetland functionality. The scope of this report includes a
thorough literature search; a compilation of published and
unpublished geologic, hydrologic, and wetland information;
and field sampling and analysis of water data from shallow
wells. The detailed USGS models, which are documented in
thisreport, were originally used to identify historical changes
in the ground-water flow system in the east shore area of
Great Salt Lake.

M ethods

Our study combines empirical and modeling analyses to
understand the effects of changes in land use and climate.
We use an estimated water budget to compare and interpret
numerical ground-water flow models, which simulate fluxes
into and out of the Farmington Bay wetlands area. Numeri-
cal ground-water flow models have been used in other stud-
ies to understand the interaction between wetlands and
ground water, and have produced reliable results (for exam-
ple, Burk and others, 2005). The accuracy of the solutions
obtained by numerical methods is generaly sufficient; how-
ever, the accuracy depends on several factors, including our
understanding of the complexity of the system, boundary and
initial conditions, and numerical methods used.

We installed five shallow monitoring wells in two wet-
land areas for water-quality sampling during October 2006.
Thewellswere manually installed using a hand auger to bore
a hole into the ground to a depth of about 5 feet (1.5 m), and
then inserting one-inch-diameter (2.5 cm) slotted PV C pipe
and backfilling the void between the borehole and pipe with
the hand-auger cuttings. We mapped the well locations by
using a hand-held Global Positioning System (GPS) device
and cross-referencing the location and elevation with the
most up-to-date 1:24,000-scale USGS topographic map. The
monitoring wells were sampled during November 2006 and
analyzed at the Utah Division of Epidemiology and Labora-
tory Services for general chemistry, dissolved metals, nutri-
ents, and total organic carbon.

Previous Studies

The study area is in the southern part of the east shore
area of Great Salt Lake in southern Davis County and north-
central Salt Lake County. Dennisand McDonald (1944) con-
ducted an early study of ground-water conditions in the east
shore area. Thomas and Nelson (1948) studied the geology
and ground-water conditions in the Bountiful sub-area of the
east shore area. Dennis (1952) evaluated ground-water
recharge in the east shore area. Smith (1961) provided basic
data on water levels and ground-water quality for the east
shore area, and Smith and Gates (1963) evaluated changesin
ground-water quality and water levels based on that data for
the 1953-61 time period. Feth and others (1966) conducted
a comprehensive study of basin-fill deposits and hydrogeo-
logic conditionsin the Weber Delta sub-area of the east shore
area. Bolke and Waddell (1972) mapped ground-water qual-
ity and evaluated changes in water levels and ground-water
quality in the east shore area for the 1960-69 time period.
Clark and others (1990) re-evaluated ground-water condi-
tions and constructed a computer model for the Weber Delta
sub-area of the east shore aquifer, including the northern part
of Farmington Bay. Clark (1991) re-evaluated ground-water
conditions and constructed a computer model for the Bounti-
ful sub-area of the east shore aquifer, including the southern
part of Farmington Bay. Anderson and others (1994; see also
Anderson and Susong, 1995) mapped ground-water recharge
and discharge areas for the principal aquifers along the
Wasatch Front, including aguifers in the east shore area of
Great Salt Lake. Gates (1995) provided a description and
quantification of ground-water basins along the Wasatch
Front, including a discussion of how water budgets changed
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from one ground-water study to the next. Lowe and others
(2004) evaluated ground-water sensitivity and vulnerability
to pesticides for the principal aquifers in the east shore area
of Great Salt Lake. Burden and others (2005) described
changes in ground-water conditions in Utah, including the
east shore area, from 1975 to 2005.

Erickson and others (1968) mapped soils (scale 1:15,840)
for parts of Davis and Weber Counties, including the Farm-
ington Bay area. Regiona geologic maps for the study area
include a surficial geologic map aong part of the Wasatch
Front by Miller (1980, scale 1:100,000) and a surficial geo-
logic map along the Wasatch fault zone by Nelson and Per-
sonius (1993, scale 1:50,000). Lowe and others (2008) map-
ped the geology of the Farmington 7.5-minute quadrangle,
which includes most of Farmington Bay.

SETTING

Physiography

The Farmington Bay area (figure 1) isin the Ogden Val-
ley segment of the Wasatch Front Valleys section of the Great
Basin physiographic province (Stokes, 1977). The Farming-
ton Bay areais part of abasin lowland that extends westward
from the Wasatch Range. Elevation ranges from over 9000
feet (2700 m) for some peaks in the Wasatch Range to about
4200 feet (1280 m) at the shore of Great Salt Lake. Streams
in Davis County are not tributaries to major river systems,
but flow directly to Great Sat Lake. The major streams
flowing into Farmington Bay include Farmington, Ricks,
Parrish, Centerville, Stone, and Mill Creeks (Clark and oth-
ers, 1990, table 3). Other smaller perennial, intermittent, and
ephemeral streams flow westward from the Wasatch Range
into the Farmington Bay area (Clark and others, 1990, table 4).

Rocks in the Wasatch Range east of Farmington Bay
consist primarily of Precambrian to Tertiary-age metamor-
phic and sedimentary rocks that are variably deformed and
fractured, due to late Mesozoic to early Cenozoic thrust
faulting (Bryant, 1984). The most extensive rock unit is the
Farmington Canyon Complex, a complex mixture of high-
grade metamorphic and igneous rocks (Eardley, 1944;
Bryant, 1984; Yonkee and others, 2000); these rocks include
meta-ultramafic and mafic rocks, quartz-rich gneiss, biotite-
rich schist, migmatitic gneiss, granitic gneiss, and pegmatite
(Bryant, 1984; Yonkee and Lowe, 2004). Tertiary conglom-
erate crops out on the Salt Lake salient (Van Horn, 1981).

The east shore area of Great Salt Lake, including the
Farmington Bay area, is part of a north-south-trending
graben where great thicknesses of sediment have accumul at-
ed since its inception in early Tertiary time (Eardly, 1955).
The active Wasatch normal fault at the base of the Wasatch
Range forms the eastern margin of this depositional basin.
Gravity, seismic, and drill-hole data indicate that the sedi-
ments filling this graben are locally as much as 10,000 feet
(3000 m) thick in some areas (Feth and others, 1966; Cook
and others, 1967; Glenn and others, 1980; Zoback, 1983;
McNeil and Smith, 1992). The basin fill likely includes an
older sequence of tilted Eocene to Oligocene strata consist-
ing of a mixture of conglomerate, sandstone, reworked tuff,
and minor lacustrine limestone similar to rocks preserved
beneath parts of eastern Great Salt Lake (Constenius, 1996)
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and locally exposed on Antelope Island (Willis and Jensen,
2000). These older basin-fill deposits are overlain by
Miocene to Pliocene rocks that are generally assigned to the
Salt Lake Formation and consist of heterogeneous mixtures
of poorly consolidated sedimentary rocks and reworked tuff
(Miller, 1991). ThisMioceneto Pliocene basin fill is, inturn,
overlain by less consolidated Quaternary basin-fill and surfi-
cia deposits of predominantly fluvial, lacustrine, and deltaic
origin (Feth and others, 1966). The poorly consolidated to
unconsolidated Quaternary basin-fill sediments are the pri-
mary focus of this report because they comprise the principal
ground-water aquifers that underlie the Farmington Bay wet-
lands.

The study area is within the hydrologically closed Bon-
neville basin, and water flowing into this basin generally
leaves it only by evapotranspiration. The Bonneville basin
has been an area of internal drainage for much of the past 15
million years, and lakes of various sizes have existed in the
area during most of that time (Currey and others, 1984). Due
to this history of deep-lake cycles interspersed with periods
when lakes stood at low levels or were not present, the Qua-
ternary basin-fill deposits consist of complexly interfinger-
ing, overall westward-fining bodies of gravel, sand, silt, and
clay deposited in lacustrine and fluvial environments (Feth
and others, 1966; Sprinkel, 1993).

Climate

Three weather stations in the study area provide climat-
ic datafor different time periods (Farmington USU Field Sta-
tion, elevation 4340 feet [1323 m], 1948-92; Farmington,
elevation 4267 feet [1301 m], 1948-65; and Bountiful-Val
Verda, elevation 4540 feet [1384 m], 1981-92). However,
because precipitation varies significantly with elevation, we
herein use climatic data from the Antelope Island weather
station (elevation 4225 feet [1288 m], period of record 1952-
72) (Ashcroft and others, 1992) for the Farmington Bay wet-
lands that range in elevation from about 4200 to 4350 feet
(1280-1326 m). Temperatures reach an average minimum of
18.6°F (-7.4°C) in January and an average maximum of
95.6°F (35.3°C) in July. The average mean annua temper-
ature is 51.8°F (11.0°C). Average annua precipitation is
15.46 inches (30.3 cm) (table 1), and average annual evapo-
transpiration is 49.13 inches (124.8 cm). The average num-
ber of frost-free daysis 152.

Population and Land Use

From 1990 to 2000, population in Davis County
increased by 27 percent (51,053 individuals) (Demographic
and Economic Analysis Section, 2001). The 2005 population
of Davis County was estimated at 276,374, and the county’s
population is projected to grow to 424,177 by 2050 (Demo-
graphic and Economic Analysis Section, 2005). The cities
of Farmington, Centerville, Bountiful, West Bountiful,
Woods Cross, and North Salt Lake arein the Farmington Bay
area (figure 1) and have estimated 2005 populations of
18,436, 15,133, 41,821, 4675, 8676, and 10,376, respective-
ly (Demographic and Economic Analysis Section, 2005).
Most cities and rural development in Davis County are on
basin-fill deposits of the east shore area of Great Salt Lake.
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Table 1. Summary statistics for Antelope Island precipitation, 1952-72 (from Ashcroft and others, 1992). Data are in inches.

Month quimu_m Mipi_mum Mean
precipitation precipitation

January 3.15 0.0 1.16
February 3.86 0.29 132
March 3.30 0.00 1.39
April 4.83 0.78 241
May 4.86 0.00 1.66
June 354 0.00 1.44
July 0.77 0.00 0.23
August 4.04 0.00 0.92
September 3.33 0.00 1.00
October 3.16 0.00 1.16
November 271 0.27 1.37
December 3.92 0.20 1.40

Total average annual precipitation 15.46

Residential development has become the main land use
in Davis County, but agriculture is till a major land use
(Barry Burton, Davis County Community and Economic
Development Department, verbal communication, 2003).
Trade, non-farm proprietors, government, and services are
the largest sources of employment in Davis County, and are
approximately equal in terms of the number of people
employed (18,000-22,000 in 2000) (Utah Division of Water
Resources, 1997).

GROUND-WATER CONDITIONS
Basin-Fill Aquifers

Basin-fill aquifersin Davis and Weber Counties west of
the Wasatch Range are part of the east shore aquifer system.
In the past, some authors (Thomas and Nelson, 1948; Feth
and others, 1966; Clark and others, 1990; Clark 1991) have
divided the east shore areainto sub-areas. The Bountiful sub-
area covers about 40 square miles (100 km?2) extending from
northern Centerville to the Salt Lake County line (figure 4).
The Weber Deltasub-areais about 40 miles long (60 km) and
3 to 20 miles (5-30 km) wide, and extends from the Wasatch
Range westward to Great Salt Lake, and from Willard in Box
Elder County southward to Centerville (figure 4) (Feth and
others, 1966; Clark and others, 1990; Gates, 1995). The
boundary between the two sub-areas is the line between T. 2
N. and T. 3 N., Salt Lake Base Line and Meridian. The
Farmington Bay areaincludes the Bountiful sub-areaand the
southern part of the Weber delta sub-area (figure 4).

Important ground-water resources in the Farmington
Bay areaexist in unconsolidated to semiconsolidated Quater-
nary basin-fill deposits (Thomas and Nelson, 1948; Feth and
others, 1966; Clark and others, 1990) (figure 5). These
deposits include relatively coarse-grained aluvial sediments
near the mountain front, and finer grained lacustrine and
aluvia sediments westward away from the mountains (Feth

and others, 1966; Bolke and Waddell, 1972; Clark and oth-
ers, 1990). In some areas near the mountain front, poorly
sorted silt- to boulder-sized sediments deposited as debris
flows and floods make up a significant portion of the basin
fill (Thomas and Nelson, 1948).

Deeper ground water in the east shore aquifer system is
predominantly confined, but unconfined conditions exist
locally in recharge areas along a narrow band at the base of
the Wasatch mountain front (figure 6) (Anderson and others,
1994). Two principa aquifers, the Sunset and Delta, have
been delineated in the central part of the Weber Delta sub-
area (Feth and others, 1966). The Delta aquifer is the pri-
mary source of ground water for the Ogden areaand is com-
posed mostly of coarse-grained, pre-Bonneville fluvial and
deltaic sediments (Clark and others, 1990). The top of the
Delta aguifer is 500 to 700 feet (150-200 m) below ground
surface in the Ogden area, and the aquifer is about 50 to 200
feet (15-60 m) thick (Feth and others, 1966). The shallower
Sunset aquifer has alower permeability and is used to aless-
er extent as a source of ground water. The top of thisaquifer
is 200 to 400 feet (60-120 m) below ground surface in the
Ogden area, and it is also is about 50 to 200 feet (15-60 m)
thick (Feth and others, 1966). Fine-grained confining inter-
vals overlie both aguifers away from the mountain front. A
shallow unconfined aquifer is commonly found above the
upper confining beds within Quaternary surficial deposits
(Clark and others, 1990) (figure 5). Tertiary basin fill deep-
er than about 1500 feet (450 m) is commonly more lithified
and less permeable, contains poorer quality water, and is not
considered an important ground-water source (Clark and oth-
ers, 1990). Thomas and Nelson (1948) delineated three con-
fined aquifers—the shallow, intermediate, and deep “artesian”
aquifers—in the Bountiful sub-area based on dlight head dif-
ferences in wells; depths to the tops of these aquifers range
from 60 to 250, 250 to 500, and greater than 500 feet (20-80,
80-150, and greater than 150 m), respectively. Because these
head differences were not apparent in 1983-85 and because
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of the lack of substantial lithologic differences between
Thomas and Nelson's (1948) aquifers, Clark (1991) consid-
ered all water-bearing units below 100 feet (30 m) to be part
of asingle aquifer system.

The ultimate source of ground water recharging the east
shore aquifer system is precipitation in the drainage basin
(Clark and others, 1990), but after 1960 recharge in the
Farmington Bay areaincludes an average of 17,000 acre-feet
per year (21 hm3/yr) of Weber River water brought into the
areaviathe Gateway Tunnel and the Davis Aqueduct (Clark,
1991). Recharge entersthe east shore aquifer system through
channel seepage along losing stretches of streams and candls;
seepage from irrigated fields, lawns, and gardens; direct
infiltration of precipitation; and subsurface inflow from
bedrock of the Wasatch Range (Thomas and Nelson, 1948;
Clark and others, 1990). Most recharge takes place in the
primary recharge area along the mountain front (figure 6),
especially near the mouth of Weber Canyon (Anderson and
others, 1994). Subsurface inflow from bedrock aong the
mountain front and seepage from perennial streams are prob-
ably the dominant recharge sources (Thomas and Nelson,
1948; Feth and others, 1966).

Discharge from the east shore aquifer system includes
(2) flow into gaining stretches of streams, drains, and ditch-
es and to small springs and seeps, (2) water-well withdrawal,
(3) evapotranspiration of shallow ground water, and (4) dif-
fuse ground-water seepage to Great Salt Lake (Thomas and
Nelson, 1948; Feth and others, 1966; Clark, 1991). Water-
well withdrawal and flow to gaining streams, springs, and
seeps are the main discharge components (Clark and others,
1990).

Ground-water flow in the east shore agquifer system is
generally westward from recharge areas near the Wasatch
Range toward Great Salt Lake (Thomas and Nelson, 1948;
Feth and others, 1966). For the Farmington Bay area, the
horizontal hydraulic gradient ranges from about 250 to 450
feet per mile (47-85 m/km) for the water table east of the
upper Bonneville canal to less than 5 feet per mile (1 m/km)
for the shallower wells completed in confined aquifersin the
Woods Cross area (Clark, 1991). The vertical hydraulic gra-
dient in the east shore aguifer system is generally downward
in recharge areas near the mountain front, and generally
upward where confined conditions exist west of the moun-
tain front, but vertica flow is probably relatively slow
through low-permeability confining layers (Clark and others,
1990).

Transmissivity values for confined parts of the aquifer
system in the Farmington Bay area range from 200 to 30,000
feet squared per day (20-2800 m2/d), based on 11 aquifer
tests conducted between 1936 and 1981 (Clark, 1991, table
4). Storage coefficients for the Weber Delta sub-area of the
east shore aquifer system range from about 0.002 to 0.00007,
based on tests conducted between 1944 and 1956 (Feth and
others, 1966, table 8). Specific yields, related to dewatering
of pore space, are likely in the range of 0.25 to 0.07 for the
Weber Delta sub-area, based on observed porosities and lim-
ited recharge tests (Feth and others, 1966). The Bountiful
sub-area aquifers likely exhibit similar values for storage
coefficients and specific yields.

Seasonal ground-water levels in the east shore aquifer
system generally rise in the spring during net recharge and
decline in the summer; greatest declines occur near the
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mountain front (Thomas and Nelson, 1948; Clark and others,
1990). According to Clark (1991), long-term water levelsin
the Farmington Bay area:

(1) generdly followed the predominantly falling trend
of cumulative departure from normal precipitation
from 1935 to 1962,

(2) rose substantially from 1962 to 1965 due to
decreased ground-water withdrawals from wells
partly in response to importation of Weber River
water via the Davis Aqueduct,

(3) declined dlightly from 1965 to 1968 in response to
increased withdrawals from wells,

(4) remained stable from 1970 to 1975 as increased
recharge from precipitation balanced increasing
well withdrawals,

(5) declined substantially from 1975 to 1978 due to
increased well pumping, and

(6) rose substantially from 1978 to 1984 in response to
increased precipitation despite a slight increase in
ground-water withdrawals.

Burden and others (2005) documented an overall trend
in water-level declines in the Farmington Bay area from
1975 to 2005 (figure 7), probably due to continued large
ground-water withdrawals for public supply and decreased
recharge due to less-than-average precipitation.

Ground-Water Quality

Ground-water quality in the east shore aquifer system is
generally good (figure 8); with total-dissolved-solids (TDS)
concentrations range from 92 mg/L in the Weber Canyon
area to 9800 mg/L in the southwest North Ogden area, based
on ground-water-quality data from Smith (1961, table 3),
Smith and Gates (1963, table 4), Feth and others (1966, table
9), Bolke and Waddell (1972, table 2), Plantz and others
(1986, table 5), Clark and others (1990, table 13), and Ander-
son and others (1994, table 2). Geochemically, ground-water
quality types in the east shore aquifer system are calcium-
magnesium-bicarbonate, cal cium-bicarbonate, sodium-bicar-
bonate, sodium-chloride, and no predominant type ground
water (figure 8) (Smith and Gates, 1963; Feth and others,
1966; Bolke and Waddell, 1972; Clark and others, 1990).
The calcium-magnesium-bicarbonate ground water is the
predominant ground-water type in the east shore area of
Great Salt Lake, and generaly contains less than 300 mg/L
TDS (Feth and others, 1966, figure 14). The sodium-bicar-
bonate type ground water exists along the eastern margin of
Great Salt Lake in the northern and southern parts of the
study area, and generally contains less than 400 mg/L TDS
(Smith and Gates, 1963). The sodium-chloride type ground
water exists mostly north in the southwest North Ogden/
northeast Plain City area and in a few areas along the shore
of Great Salt Lake, and contains from 500 mg/L TDS at the
mouth of Ogden Canyon to more than 9000 mg/L TDSin the
southwest North Ogden area (Smith and Gates, 1963, figure
8; Feth and others, 1966, figure 14). Mixed-type ground
water exists in an area extending westward from Ogden
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Canyon and in the Bountiful/North Salt Lake area (figure 8),
and contains from 500 to 1,000 mg/L TDS (Smith and Gates,
1963, figure 8; Feth and others, 1966, figure 14).

WETLANDS

Introduction

Wetlands are one of the most important ecosystems on
Earth. They perform numerous biological and hydrological
functions and are a valuable resource to communities. Wet-
land functions include wastewater treatment or water filtra-
tion, biogeochemical cycling, flood-water control and stor-
age, wildlife habitat, biologic productivity, and food-chain
support; additionally, they have economic and cultural value
(Lock, 1994) such asincreased residentia property values.

Wetlands are facing long-term impacts from both human
and natural causes. Human impacts are due to agricultural,
industrial, and urban development and the resulting pollu-
tion. Natural causes are generally due to climatological
changes. In the United States, an estimated 53 percent of
wetlands in the lower 48 states have been destroyed since the
1700s due to human activities (Mitsch and Gosselink, 2000).
Agricultural fields, commercial developments, and residen-
tial developments have typically replaced wetlands. Prior to
the mid-1970s, U.S. domestic policies encouraged the
drainage of wetlands so that the land could be developed for
economic benefits. Now that the value and importance of
wetlands have been recognized, conservation efforts have
followed. It is the current goa of the U.S. government to
prevent net loss of wetlands, so when development of wet-
lands occurs, the amount of wetland area lost must be
restored, created, or enhanced through the wetland mitigation
process (U.S. Fish and Wildlife Service, 1994). For addition-
al information about wetlands background, definitions, and
functions, refer to appendix A.

Farmington Bay Wetlands

The wetlands in the Farmington bay area are located
along a portion of the east shore of Great Salt Lake. Approx-
imately 80 percent of the wetlands in Utah surround Great
Salt Lake, which corresponds to an estimated 400,000 acres
(1600 km?2) of wetlands (Lock, 1994). Lock (1994) estimates
that 30 percent of Utah’s wetlands has been lost, mostly due
to land-development practices.

Most of the Farmington Bay wetlands are located on the
western edge of the Davis County urban corridor adjacent to
the east shore of Great Salt Lake where the land surface has
low relief (figure 1). The Farmington Bay wetlands have
been impacted by agricultural activities (including grazing),
industrial and urban development, and water diversions
including ditches and dikes. The wetlands are primarily
located in ground-water discharge areas for the principal
aquifers (Anderson and others, 1994; figure 6), where there
is one or more confined aquifers with an upward vertical
flow gradient at depth and an overlying shallow unconfined
aquifer near the land surface. Much of the water supply for
the wetlands is from the shallow unconfined aquifer. Thus,
the elevation of the water table in the shallow unconfined
aquifer partly determines the areal extent of Farmington Bay
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wetlands. The water-table elevation is controlled by water
supply to the wetlands, which varies with changes in
recharge due to climatic conditions and/or ground-water
withdrawals from wells, and with changing Great Salt Lake
levels.

Wetland Types

The Emergency Wetland Resources Act of 1986 directs
the U.S. Fish and Wildlife Service to map the wetlands of the
United States; this mapping effort is referred to as the
National Wetlands Inventory (NWI). Wetlands are typically
mapped using aerial photographs and are classified using the
Cowardin system. The Cowardin system of wetland classifi-
cation (Cowardin and others, 1979) separates wetlands into
five basic categories or systems: (1) lacustrine, or lake-like,
(2) riverine, or river, (3) paustrine, or pond-like, (4) estuar-
ine, or estuary, and (5) marine, or oceanic. Once the wet-
lands have been mapped and classified, any changesin their
status or trends can be monitored. An NWI map for the
Farmington Bay area (figure 9) shows that the wetlands are
in the lacustrine and palustrine systems. Lacustrine wetlands
are associated with the shoreline of Great Salt Lake, and the
palustrine wetlands are associated with the springs that dis-
charge ground water and form ponds. Within the broad wet-
land systems are subdivisions called classes and subclasses.
Wetlands are further classified by addition of a modifier that
describes the amount of time a wetland is inundated by
floodwater. The classes located within the Farmington Bay
study area, and the total area of each class, are provided in
appendix B.

Within the east shore areaare various types of habitats or
environments. The eastern part of the study area is highly
urbanized. Open-water environments are associated with
Great Salt Lake, sewage-treatment ponds, and spring-fed
ponds. The western part of the area consists of vegetated and
non-vegetated mineral and wet mud flats. Wet-meadow and
emergent marsh environments are near the southwestern bor-
der of the study area where ponds have been built in the
Farmington Bay Waterfowl Management Area (FBWMA).

Originaly built in 1935 and occupying 3800 acres (1500
hm2), today the FBWMA has been expanded to over 12,000
acres (4900 hm?) in Davis and Salt Lake Counties and is
managed by the Utah Department of Wildlife Resources
(UDWR). As many as 200 avian species have been docu-
mented using the wetlands associated with the FBWMA.
The FBWMA provides critical habitat for up to 57 species of
waterfowl and shorebirds (as many as 200,000 individuals)
that use the wetlands for nesting and foraging in the spring
and summer, and is aso an important stopover for millions of
migrating waterfowl seasonally. The wetlands here are pri-
marily sourced by the Jordan River through a complex net-
work of impoundments, canals, 22 miles (35 km) of dikes,
and 126 water-control structures. Water depths in these wet-
lands are very precisely managed and range from O to 14
inches (0-36 cm) to maximize waterfowl habitat (Utah Divi-
sion of Wildlife Resources, 2006). Because of this manage-
ment, shallow ground-water levels can reflect surface-water
control in the FBWMA.. Large areas can be filled seasonal-
ly for flood control or water storage, or drained periodically
to eradicate noxious and non-native vegetation (Rich
Hansen, FBWMA manager, verbal communication, 2007).
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A recent addition to the wetland conservation effort of
Farmington Bay isthe Legacy Nature Preserve (LNP) (figure
1). This 2225-acre (900 hm2) area was reserved as mitiga-
tion for the Legacy Parkway to prevent future residential and
industrial encroachment west of the parkway (Utah Depart-
ment of Transportation, 2007). To maintain the LNP, water
will be acquired from multiple sources including the Jordan
River, North Canyon Creek, storm runoff from local munic-
ipalities, and ground water from the deep confined aquifer.
Five wellsdrilled near the LNPwill supplement the wetlands
in times of need with up to 70 acre-feet (0.09 hm3) of water
available year-round.

Wetland Evaluation

Based on the wetland classification system devel oped by
Cowardin and others (1979), al of the wetlands for this study
are either lacustrine or palustrine wetlands (figure 9, appen-
dix B). Except during periods of extreme drought, the areais
largely permanently or periodically flooded lacustrine wet-
land or open water (20,143 acres [8152 hm?2]) of Great Salt
Lake. From 2003 to 2007 much of this area was exposed as
Great Salt Lake levelsfell to 4194 feet (1278 m) in October
2004, only 3 feet (1 m) above the record low of 4191 feet
(2277 m) in 1963 (figure 10).

Because of the fluctuating lake level, wetlands and asso-
ciated vegetation can vary year to year. In October and
November 2006, the wetlands near wells 1, 2, and 3 (north-
ern location, figure 1; appendix C) were all palustrine emer-
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gent transitioning from seasonally flooded (PEMC well 1), to
semi-permanently flooded (PEMF, well 3). The vegetation
here varied from grasses (well 1) to salt grasses (well 2) to
cattail (Typha spp.) at well 3 where the water table was just
beneath the surface. Wells 4 and 5 (southern location, figure
1; appendix C) were located within the FBWMA and classi-
fied as a palustrine emergent mosaic of semi-permanently
(PEMF) to permanently flooded wetland (PEMH). The veg-
etation here included cattail (Typha spp.), hardstem bulrush
(Schoenoplectus acutus), softstem bulrush (Schoenoplectus
tabernaemontani), and phragmites (Phragmites australis).

Water Quality

We sampled water from two different areas in the Farm-
ington Bay area-three wellsin the north, near Kaysville, and
two wells in the south, near Centerville (figure 1). The well
locations and water chemistry for the samples collected from
each well are presented in appendix C. The shallow ground
water chemistry from wetlands in the northern Farmington
Bay area near Kaysville (wells 1, 2, and 3) is variable. Well
1, the most upgradient well, hasa TDS concentration of 1328
mg/L (Class II); well 2, the intermediate location-well, has a
TDS concentration of 30,644 mg/L (Class 1V); and well 3,
nearest Great Salt Lake, has a TDS concentration of 5550
mg/L (Class Il1). The classes are based on the Utah Water
Quality Board's TDS-based classification system (table 2).
Dominant ion chemistry classification is sodium-chloride-
type ground water for wells 2 and 3, and magnesium-bicar-
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bonate-type ground water for well 1 (figure 11). Arsenicis
reported in all of the wells in the northern Farmington Bay
area ranging from 114 to 617 ug/L, which exceeds the cur-
rent ground-water quality (health) standard of 10 ug/L (U.S.
EPA, 2008). A selenium concentration of 1582 ug/L in well
2 exceeds the EPA ground-water quality standard of 50 ug/L.
Selenium can be associated with agricultural runoff andisa
trace element found in many soils (Seiler and others, 2003);
grazing in this area is common and the selenium may be
associated with cattle grazing. Water from well 2 also con-
tains iron having a concentration of 5270 pg/L that exceeds
the EPA secondary water-quality standard of 300 pg/L. The
arsenic, selenium, and iron data may be used to suggest that
the ground water in the area has been influenced by nearby
refining activities; further studies would be needed to con-
firm this suggestion.

Shallow ground water collected from wells in the south-
ern Farmington Bay area wetlands near Centerville (wells 4
and 5, appendix C) variesin quality. Well 4, the most upgra-
dient well, has a TDS concentration of 47,490 mg/L (Class
V), and well 5, nearest Great Salt Lake, has a TDS concen-
tration of 5992 mg/L (Class I1l) (table 2). Dominant ion
chemistry classification for wells 4 and 5 is sodium-chloride-
type ground water (figure 11). Arsenic isreported in well 5
having a concentration of 66.5 pg/L, which exceeds the cur-
rent ground-water quality (health) standard of 10 ug/L (U.S.
EPA, 2008).

Most of the wetlands in the Farmington Bay area are in
the area classified by Anderson and others (1994) as a
ground-water discharge area, where an upward hydraulic
gradient exists between the underlying principal aquifer and
the overlying shallow unconfined aquifer. Average annual
evapotranspiration at the Antelope Island weather station is
49.13 inches (124.8 cm) (Ashcroft and others, 1992). Evap-
otranspiration of water from the shallow unconfined aquifer
and the upward hydraulic gradient create a system where
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solutes concentrate in the shallow unconfined aquifer,
increasing TDS concentration in the ground water. If solute
concentrations reach high enough levels, precipitation reac-
tions may occur.

GROUND-WATER FLOW/WETLANDS
DEGRADATION ANALYSIS

Introduction

The wetlands in the Farmington Bay area are located
along the margins of Great Salt Lake, which has been classi-
fied as a ground-water discharge area by Anderson and oth-
ers (1994). Inthis area, ground water discharges to the shal-
low unconfined aquifer by natural means, mainly as springs
or seeps. The source of most of the discharging ground water
is the confined principal aquifer below the wetlands. The
pal ustrine wetlands are dependent upon springs and seeps as
their source of water; any change in discharge from these
springs and seeps would alter and possibly degrade the wet-
lands. Additionally, the population in the Farmington Bay
areais growing rapidly, and land use is becoming more resi-
dential and less agricultural. This change would likely de-
crease the amount of recharge from seepage of unconsumed
irrigation water, which is an additional contributor to the
total recharge to aquifers in the Farmington Bay area
(Thomas and Nelson, 1948; Feth and others, 1966; Clark and
others, 1990; Clark 1991). Public water suppliers in the
Farmington Bay area rely primarily on ground water from
the principal aquifer. Asfigure 1 shows, most of thewellsin
the area are upgradient of the wetland areas; if more wellsare
drilled or more water iswithdrawn from the principal aquifer
to support the growing population, less ground water would
be discharged from springs and seeps that provide water to
the wetlands.

Table 2. Ground-water quality classes under the Utah Water Quality Board's total-dissolved-solids (TDS) based classification system

(modified from Utah Division of Water Quality, 1998).

Ground Water Quality Class

TDS Concentration

Beneficial Use

Class IAYIBY/1C?

less than 500 mg/L3

Pristine/Irreplaceable/
Ecologically Important

Class I 500 to less than 3000 mg/L Drinking Water?
Class |11 3000 to less than 10,000 mg/L Limited Use®
Class IV 10,000 mg/L and greater Saline®

Lirreplaceable ground water (Class IB) is a source of water for acommunity public drinking water system for which no other reliable supply
of comparable quality and quantity is available due to economic or institutional constraints; it is a ground water quality class that is not
based on TDS. In addition to TDS, Class |A must not exceed any ground-water quality standards.

2Ecologically Important ground water (Class IC) is a source of ground water discharge important to the continued existence of wildlife
habitat; it is a ground water quality class that is not based on TDS.

SFor concentrations less than 7000 mg/L, mg/L is about equal to parts per million (ppm).
4Water having TDS concentrations in the upper range of this class must generally undergo some treatment before being used as drinking water.

5Generally used for industrial purposes.
6May have economic value as brine.
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Not only are wetlandsin the Farmington Bay areathreat-
ened by development, but fluctuating climatic conditions are
also impacting the wetlands. Utah experienced drought dur-
ing 1999-2004 (Utah Division of Water Resources, 2007),
which reduced recharge to aquifers throughout the state and
lowered the level of Great Salt Lake, the ultimate barometer
for water abundance in northern Utah. |f drought conditions
persist over an even longer time period, the level of Great
Salt Lake may drop even further. Great Salt Lake is the far-
thest downgradient component of the hydrologic system in
the Farmington Bay area and the surrounding drainage
basins. The wetlands surrounding Great Salt Lake areimme-
diately upgradient of the lake, so water-level changes in
Great Salt Lake also affect the wetlands.

To evaluate the hydrology of the wetlands in the Farm-
ington Bay area, we used steady-state and transient ground-
water flow models developed by Clark and others (1990) and
Clark (1991). We investigated the current (steady state) and
historical water use of the wetlands and developed a water
budget for the Farmington Bay area; we then altered the
models to investigate possible scenarios that could affect the
wetlands, including (1) continued drought conditions with
accompanying decreased recharge to the aquifer and lower
Great Salt Lake level, (2) wet conditions resulting in
increased recharge to the aquifer, and (3) increased develop-
ment and ground-water withdrawals from the principal
aquifer. Thisground-water model isthe best availabletool to
understand how the wetlands in the Farmington Bay area
could be affected by further development and/or drought.

Hydrologic Setting and Water Budget

Overview

To understand the hydrological complexity of the Farm-
ington Bay wetland system we determined a water budget
and used the regional, three-dimensional, steady-state and
transient MODFL OW models of Clark and others (1990) and
Clark (1991). The hydrology of the Farmington Bay wet-
lands is dominated by Great Salt Lake influences. Because
the waters of Great Salt Lake are too saline for most wetland
plant and wildlife species, preservation of much of the Farm-
ington Bay wetlands is dependent on freshwater inflows
(Christianson and Low, 1970). Freshwater inflows can vary
seasonally, and are high in March through June because of
snow melt and spring runoff, and low from September
through January because of low precipitation and irrigation
use. Freshwater flows into the wetlands are primarily in the
form of ground water throughout much of the year. Low-
lying areas of the wetlands may be periodically inundated by
Great Salt Lake, resulting in saline surface water mixing with
the fresh water that supplies the wetlands. Inflows of fresh
water can also vary annually due to climatic conditions.

Great Salt Lake influences the hydrological regime of
the wetlands by controlling water-table elevation and period-
ic flooding of wetland areas. The Farmington Bay wetlands
are subject to the natural cycles of rising and falling lake lev-
els. Historically, Great Salt Lake has fluctuated more than 20
feet (6 m); seasonally the lake fluctuates within a range of
severa feet. With variations in lake levels, large areas of
mud flats are alternately submerged and exposed. During
lake-level rises, or expansions, the lake margin in the Farm-
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ington Bay area moves eastward and additional areas are
submerged and converted to open water. Wetlands along the
fringe of the lake are regularly influenced by the lake's saline
water. The spatial patterns of vegetation are an indication of
this strong lake influence: sparse vegetation is mainly asso-
ciated with areas most affected by lake-level variahility,
while uniform vegetation is typical of areas not flooded. At
high lake levels, for example, 4212 feet (1284 m), 64 percent
or more of the wetlands would be converted to open water.

The ground-water system in the east shore area is
recharged through precipitation and applied water that infil-
trates into the sediments in recharge areas. Clark and others
(1990) estimated that 2 to 4 inches (5-10 cm) of annua aver-
age precipitation, 7 to 14 inches (18-36 cm) of irrigation
water on cropland, and 2 to 4 inches (5-10 cm) of applied
lawn and garden water infiltrates into the aquifer system in
recharge areas, remaining water either becomes surface
runoff or evaporates. Fresh water discharges from the east
shore area by several mechanisms. (1) evapotranspiration,
(2) well withdrawals, (3) direct flow to springs and seeps, (4)
diffuse seepage aong the shores of Great Salt Lake, and (5)
probably some direct seepage into the lake.

The general ground-water system in the Farmington Bay
wetlands area is shown on figure 5. The aquifer system in
this areais unconfined along the mountain front, and uncon-
fined and semi-confined away from the mountain front (Feth
and others, 1966; Clark and others, 1990; Clark, 1991).
Aquifers are recharged along the mountain front where ver-
tical gradients exist; ground water then flows vertically and
then laterally into the unconfined and semi-confined aguifers
toward discharge areas in the lakeward-sloping east shore
areas, such as springs, wetlands, marshes, and Great Salt
Lake. Some of the water that moves laterally encounters the
upper semi-confining unit, where some of the flow moves
into the upper unconfined aquifer. The predominant move-
ment of ground water is in a horizontal direction through
aquifers and in a vertical direction through semi-confining
units. Where the ground water encounters the saline ground
water of Great Salt Lake, the less dense fresh water is forced
upward. The upward-moving fresh ground water is again
inhibited by semi-confining units, but eventually discharges
into the wetlands.

Because surface-water stages and ground-water levelsin
the wetlands are lower than the surface-water stages and
ground-water levels in topographically higher areas, ground
water and surface water flows into the wetlands. The rate of
water exchange between the Farmington Bay wetlands and
the upgradient aquifersis proportional to the hydraulic gradi-
ents, transmitting character, and cross-sectional areas
through which flow occurs. Water levels in the wetlands
fluctuate throughout the year in response to the amount of
recharge and discharge from the system. Water-level de-
clines in the spring and summer indicate the effects of
increased evapotranspiration. Upward seepage of ground
water into the wetlands has been established from water-
level data and regional ground-water flow modeling (Clark
and others, 1990; Clark, 1991).

The Farmington Bay wetlands depend on a supply of
fresh water that varies considerably, primarily due to varia-
tion in precipitation that falls in the form of rain or snow on
the slopes of the Wasatch Range. Difficulties in measuring
water inflows, outflows, and changes in storage complicate
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our understanding of the Farmington Bay wetland hydrology.
We developed a smple hydrologic budget to quantify the
volume and rate of water flowing into and out of the aquifer
system in the vicinity of the Farmington Bay wetlands. The
evaluation identifies key components of the hydrologic sys-
tem, describes their interaction, and quantifies their spatial
and temporal variations. The hydrologic budget of awetland
areaisan expression of the conservation of water mass by an
accounting of inflow to and outflow from the system during
agiven time period. We used the budget to investigate com-
ponents of the hydrology system and provide the framework
for understanding and interpreting other wetland functions.

To describe a generalized hydrologic budget for thetvet-
lands area dlong Great Salt Lake in the vicinity of Farming-
ton Bay, inflow must equal the outflow plus or minus the
change in storage:

Inflow = Outflow + A storage

2
The inflows and outflows themselves consist of severa
components. For a given time period, a component water
budget for the Farmington Bay wetlands area in equation
formis:

R+ S+ G =ET+ &+ Gy + £ Astorage

where R is infiltration and recharge from precipitation, irri-
gation field runoff, and seepage from associated canals; § is
surface inflow; G; is ground-water inflow; ET is evapotran-
spiration; &, is surface outflow, or diversionsleaving the wet-
lands to Great Salt Lake; G is ground-water outflow; and
Astorage is change in storage (including surface water, soil
moisture and ground water). However, we are evaluating the
wetlands area at steady-state conditions, so there is no
change in storage. Terms in a wetlands-area hydrologic
budget vary in significance depending on the wetlands. In
the Farmington Bay wetlands area, surface-water and
ground-water inflow, and subsurface ground-water outflow
and evapotranspiration, are significant components of the
hydrologic budget.

Recharge

Recharge in the Farmington Bay wetlands area is
dependent on time, quantity of water available, and uses by
vegetation. In some areas, such as mud flats or other areas
that are amost devoid of vegetation, net infiltration may
occur during unusually wet periods when rainfall or loca
runoff exceeds evapotranspiration. Infiltration to the water
table in the wetlands area where the water table is near the
land surface may also occur during some months (October
and April) when precipitation exceeds evapotranspiration.
Irrigated fields that are in or directly upgradient of the wet-
lands area also contribute water to the ground-water system.
Clark and others (1990) estimated that about 4 feet (1.2 m) of
water per year isused to irrigate agricultural fieldsin the east
shore area; however, the irrigation water is not evenly dis-
tributed throughout the area, and many areas are not irrigat-
ed.

We estimate, based on precipitation amounts and the
areas of irrigated fields, that an average of 1.8 inches (4.5
cm) per year of water recharges the shallow aquifer in the
wetlands area. The surface area of the Farmington Bay wet-
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lands area multiplied by this depth indicates that about 6000
acre-feet (7.4 hm3) of precipitation and irrigation water
recharges the wetlands area annually. Uncertainties in the
estimated amount of precipitation from rain and snow can
result from measurement errors and from methods of data
manipulation. Winter (1981) suggested that precipitation
measurement error, assuming a worst possible estimate of
precipitation, results in an overall uncertainty of about 30
percent. Irrigation runoff issubject to similar uncertaintiesin
measurement error.

We used Darcy’s law to estimate subsurface inflow into
the wetlands area from topographically upgradient soufes.
By estimating hydraulic conductivity, hydraulic gradient, and
cross-sectional area (table 3), an estimate of the subsurface
inflow per day per length at the edge of the wetlands can be
obtained using the following equation:

G = KiA

where G; is discharge (I/t), K is the saturated hydraulic con-
ductivity (I/t), i is the hydraulic gradient (I/1), and A is the
cross-sectional area. Areais calculated as an assumed satu-
rated depth of sediments multiplied by a length of the
perimeter around the wetlands. The hydraulic conductivities
and hydraulic gradients used in cal culating subsurface inflow
are from Clark and others (1990). Using these estimates,
about 16,000 acre-feet per year (20 hm3/yr) of ground water
enters the subsurface below the wetlands area. Uncertainties
in estimating subsurface inflow are dependent on errors of
the various components of Darcy’s equation; hydraulic con-
ductivity has the largest uncertainty. Uncertainties associat-
ed with subsurface inflow estimates can be plus or minus
about two orders of magnitude (Hunt and others, 1996).

The flow of surface water into the Farmington Bay wet-
lands varies from year to year depending on mountain pre-
cipitation. Numerous perennial streams begin on the western
slopes of the Wasatch Range, but become ephemeral and
intermittent in the valley and flow only during spring runoff.
However, during periods of high water flow, water reaches
the lower valley floor. Stream discharge above the Farming-
ton Bay wetlands is not gaged routinely; six of the largest
streams above the Farmington Bay wetlands were gaged
between 1969 and 1984 at the mountain front (Clark and oth-
ers, 1990), and the data collected demonstrate that fluctua-
tions in annual flow can be significant. Additional surface-
water inflow to the wetlands was estimated by correlation of
short-term records with longer term stream-flow records.
Surface-water flow that reaches the Farmington Bay wet-
lands area probably averages about 16,000 acre-feet per year
(20 hm3/yr). This vaue is subject to error as a result of the
use of different data sources (gaged and ungaged streams,
etc.), and uncertainties may be as high as 70 percent (Winter,
1981).

The Jordan River is the largest source of surface water
into Farmington Bay, and supplies water to the FBWMA
through the Jordan Canal. However, the Jordan River is the
western (downgradient) boundary of the Farmington Bay
wetlands area, and is considered to have little or no influence
on the overall wetlands area hydrology. Because the Jordan
River does not contribute subsurface flow to the wetlands
ground-water system, it was not considered in the budget.
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Table 3. Estimated subsurface inflow into the Farmington Bay wetlands.
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*Hydraulic *Aver age Length of **Calculated ground-water
Conductivity Hydraulic Gradient section line inflow
(ft/day) (dimensionless) (ft)
ft3/day Acre-feet/year
18 0.00089 19,050 -305,000 -2500
12 0.0032 17,500 -672,000 -5500
17 0.0016 35,400 -963,000 -8000
total -1,940,000 -16,000
Negative numbers indicate ground-water flow into the wetlands
*from Clark and others (1990)
**hased on an assumed saturated thickness of 1000 feet

Discharge

The largest water-budget component in the Farmington
Bay wetlands is evapotranspiration. The Farmington Bay
wetlands monthly evapotranspiration was determined by
adjusting values from class A evaporation pansin areas along
Great Salt Lake (Christiansen and Low, 1970). In the Bear
River Migratory Bird Refuge, north of the Farmington Bay
wetlands area, pan evaporation is highest in April through
September and lowest in November through January (Chris-
tiansen and Low, 1970). This pattern of high summer and
low winter pan evaporation is also expected in the Farming-
ton Bay wetlands area. The average annual evapotranspira-
tion rate in the Farmington Bay wetlands area is estimated to
be about 60 inches (150 cm) per year based on the adjusted
class A pan evaporation data and on datain Clark and others
(1990). We estimated evapotranspiration in the Farmington
Bay Wetlands by adding together monthly approximations of
evapotranspiration for areas, as defined in Clark and others
(1991) and Clark (1991), where evapotranspiration are
believed to be significant. The uncertainties in evapotran-
spiration values cal culated from pan evaporation data may be
as high as 20 percent (Winter, 1981).

Surface-water outflow from the wetlands area into Great
Salt Lake is complicated by the FBWMA's dikes and chang-
ing shoreline. There are no estimates of water release from
the ponds via the dike-outlet channel. All stream flow gages
are located upstream of the wetlands, leaving the wetlands
area ungaged. Waddell and Fields (1977) estimated surface
outflow to be about 15,000 acre-feet per year (18 hm3/yr)
from the wetlands area to Great Salt Lake for the 1931 to
1973 time period by correlating short-term records for sites
near the lake with longer term records for upstream sites. We
assume this is an averaged number and apply it here. Sur-
face-water discharge estimates from short-term records cor-
related with gaged upstream sites may have uncertainties as
high as 70 percent (Winter, 1981).

Subsurface outflow from the Farmington Bay wetlands
areato Great Salt Lakeislikely small, and is difficult to dis-
tinguish from other sources of inflow to Great Salt Lake.
The subsurface seepage from the wetlands to Great Salt Lake
is small because of the high density contrast between the
fresh ground water and the saline water of Great Salt Lake,
which limits mixing of the two. As fresh ground water
moves toward the lake, flow paths are sharply deflected

upward by density gradients. Consequently, ground water
discharges from the unconfined aquifer adjacent to, but land-
ward of, the saline-freshwater interface. Mixing of fresh
ground water and interstitial saline water results in the high-
er dissolved-solids concentrations found in the area. Clark
and others (1990) estimated that about 20,000 acre-feet per
year (25 hm3/yr) of subsurface ground water flows out of the
wetland areas along Great Salt Lake. As reported by Clark
and others (1990), this discharge is probably overestimated
because they used a freshwater model of the area. Waddell
and Fields (1977) estimated subsurface outflow from the
Farmington Bay wetlands areato Great Salt Lake to be about
2000 acre-feet per year (2.5 hm3/yr), which is the value we
use for this study.

WEell discharge in the east shore area includes discharge
from both pumping and flowing wells. The total quantity of
ground-water pumpage varies each year depending on the
need. Not al the ground water pumped from wells is con-
sumed; some water returns to the aquifer, particularly in the
low valley areas where depth to water is only a few feet
below land surface. Net well discharge from the Farmington
Bay wetlands area was considered insignificant by Clark and
others (1990).

Resulting Budget

The estimated hydrologic budget for the Farmington Bay
wetlands is summarized in table 4. Thisis an overall water
budget, summarizing sources of inflow to and outflow from
the wetlands. Development of this hydrologic budget in-
volved using data from a number of sources covering differ-
ent time periods, but represents averaged conditions for the
hydrologic system. We believe these averaged conditions are
representative of steady-state conditions for the hydrologic
system in the Farmington Bay wetlands area.

Review of M odels

We used the models of Clark and others (1990) and
Clark (1991) to simulate the freshwater hydrologic system
for the Farmington Bay wetlands area. We conceptualize the
hydrologic system represented by these models as having
five parts: (1) an unsaturated zone affected by precipitation
and evapotranspiration (not included in the models), (2) a
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Table 4. Estimated hydrologic budget for the Farmington Bay wetlands.

Water-budget component (acre-feet
per year)
Recharge
Infiltration from precipitation, 6000
and irrigation runoff
Surface inflow 16,000
Ground-water inflow 16,000
Total 38,000
Discharge
Evapotranspiration 21,000
Surface outflow 15,000
Ground-water outflow 2000
Total 38,000

shallow unconfined aquifer system that interacts with the
unsaturated zone (not modeled explicitly), (3) a principa
aquifer that is both confined and unconfined, (4) a surface-
water system that supplies water to the basin-fill aquifer, and
(5) asurface-water system consisting of Great Salt Lake, but
modeled as fresh water. Modeled recharge to the basin-fill
ground-water flow system is from subsurface inflow from
consolidated rock in the surrounding mountains, seepage
from stream-channel deposits where streams enter the valley,
and infiltration of irrigation and precipitation on the upper
bench of the valley. Modeled discharge from the basin-fill
aquifer is primarily from springs and drains, evapotranspira-
tion, and subsurface discharge to Great Salt Lake.

Clark and others (1990) and Clark (1991) used the
“quasi” three-dimensional ground-water flow code MOD-
FLOW, developed by McDonad and Harbaugh (1988),
which uses standard finite-difference techniques to approxi-
mate the partial differential equations describing saturated
anisotropic, heterogeneous, and layered ground-water flow.
These ground-water flow models, referred to as the Weber
Delta and Bountiful steady-state and transient models, were
calibrated and verified by Clark and others (1990) and Clark
(1991) for 1955 (steady-state) and 1956 to 1985 (transient-
state) conditions for the Weber Delta area, and 1946 (steady-
state) and 1947 to 1986 (transient-state) conditions for the
Bountiful area. We converted the Weber Deltamodels (Clark
and others, 1990), which were created with MODFLOW
1988, to MODFLOW 2000 (Harbaugh and others, 2000).
The Bountiful area models (Clark, 1991) had already been
converted to MODFLOW 2000 by the Utah Division of
Water Rights.

Clark and others (1990) and Clark (1991) used a tech-
nigque referred to as a distributed-parameter approach to sim-
ulate observed spatial and temporal variations in the models.
Even when using a distributed-parameter approach, not all
characteristics of the actual aquifer system were included in
the ground-water flow models. Simplifying assumptions are
required to make the modeling effort manageable (Anderson
and Woessner, 1992). Many of the assumptions used in
developing the Weber Delta and Bountiful ground-water
flow models are characteristic of numerical ground-water
flow models (Wang and Anderson, 1982; Anderson and
Woessner, 1992; Harbaugh and others, 2000). Additional
assumptions made in the application of the MODFLOW
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computer program to the Weber Delta and Bountiful aquifer
systems are discussed in Clark and others (1990) and Clark
(1992).

Clark and others (1990) used a finite-difference grid of
32 rows, 28 columns, and 3 layers in the Weber Delta area,
and Clark (1991) used afinite-difference grid of 67 rows, 36
columns, and 2 layers in the Bountiful area. The models
were oriented so that their grid’s long axis parallels the
Wasatch Front. Each grid cell was assigned values that rep-
resent the average aguifer characteristics and hydrologic
stresses for that area. The area of active cells in the models
corresponds approximately with basin-fill materials of Qua-
ternary age, and represents the shallow aquifer, shallow con-
fining layer, and principal agquifer of the Weber Delta and
Bountiful areas.

Cells representing consolidated rock were, for the most
part, considered to have a lower permeability than the basin
fill, and for the purposes of the models were designated inac-
tive. However, some cells representing consolidated rock
along the mountain front were designated as a specified-flux
boundary, used to simulate recharge from bedrock, and were
active. Head-dependent relations were used to simulate
springs and evapotranspiration interaction with the aquifer
system. Constant-head cells were used along the western
side of the models to simulate the interaction between ground
water and Great Salt Lake, and between ground water and the
Jordan River. Specified flux terms were used to approximate
discharge from wells and recharge from precipitation,
streams, canals, and ditches. The upper aquifer was desig-
nated as unconfined to represent the water table, and some of
these cells were assigned a specified flux to represent
recharge. The bottoms of the models are either rock, the top
of a partly consolidated unit, or an arbitrary depth based on
the depth of production wells, and is modeled as a no-flow
boundary.

Boundary conditions are designed to approximate the
physical system of the Weber Delta and Bountiful areas.
The shallow unconfined aquifer is represented by layer 1 of
the models and is simulated as it relates to underlying layers,
this means that layer 1 was used to simulate discharge from
the underlying aquifer system and not discharge or recharge
from the wetlands explicitly. Recharge to layer 1 is from
subsurface flow only. The unconfined aquifer is represented
as a variable-head boundary overlying the confined-aquifer
system.

Division of the aquifer system into hydrogeologic units
and model layers was more arbitrary than the selection of
boundary conditions. Layer 1 in the models represents a
source for discharge from lower layers. Inthe topographical-
ly lower areas along Great Salt Lake, the shallow water-table
aquifer was not considered part of the principal aquifer by
Clark and others (1990) and Clark (1991). The areal extent
of layer 1 is limited to the western and lower parts of the
models. Layer 2 in the Bountiful area, and layers 2 and 3in
the Weber Delta area, represent the principal aquifer. In lay-
ers 1 and 2, where layer 2 is unconfined in the eastern part of
the models, transmissivity is allowed to vary spatially as a
function of saturated thickness of the layer. In parts of layer
2 in the Weber Delta and Bountiful areas, and in layer 3 in
the Weber Delta area, transmissivity was specified for each
cell in the ssimulations, and the saturated thickness of the lay-
ersis assumed to remain constant. I1n the Weber Delta area,
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layers 2 and 3 are each 150 feet (46 m) thick, but where
unconfined layer 2 may vary from 50 to 400 feet (15-120 m)
thick. Flow between the layers was approximated by arela-
tion that uses calculated headsin vertically adjacent cellsand
an estimate of vertical conductance between cells. Vertical
conductance is calculated from vertical hydraulic conductiv-
ity, thickness between layers, and horizonta area of the cell.

Clark and others (1990) and Clark (1991) concluded that
the results of available field tests did not accurately represent
the transmissivity of the principal aquifer, and used known
values to estimate probable ranges of hydraulic conductivity
to derive the transmissivities that were actually used in the
models. The hydraulic properties of the aquifers and confin-
ing units are not uniform throughout the model area.
Hydraulic properties for layer 1 in the models are based on
the hydraulic properties of the principal aquifer. Calibration
of the ground-water flow models involved a trial-and-error
adjustment of model parameters representing aquifer charac-
teristics and certain recharge and discharge components to
obtain an acceptable match between measured ground-water
levels and computed heads. Hydraulic characteristics that
vary spatially in these analyses are transmissivity, storage
coefficient, and vertical leakance. Values for these parame-
ters were estimated from available measurements of physical
and hydrologic properties.

Modeling Results

We used the steady-state and transient ground-water
flow models, which used historical data, to represent the
amount of water received by the Farmington Bay wetlands
during a typical steady-state year, and how changing
recharge and discharge in the east shore area affects the
amount of water entering the study area. The model simula-
tions provide ground-water-flow data in relation to approxi-
mate aquifer characteristics, water in storage, and rates of
inflow and outflow for the principal aquifer in the wetlands
area.

We evaluated the amount of water received under
steady-state conditions by combining the 1955 calibrated
steady-state model of the Weber Delta area by Clark and oth-
ers (1990), and the 1946 calibrated steady-state model of the
Bountiful areaby Clark (1991). Clark and others (1990) and
Clark (1991) assumed hydrologic conditions in 1955 and
1946 were near steady-state conditions for each area. Water
levels fluctuated both seasonally and annually in each area
prior to 1955 and 1946, respectively, but the changes were
small (Clark and others, 1990; Clark, 1991). We therefore
assume that the 1955 calibrated model was also at steady-
state condition in 1946 and combined the two. We used the
simulated results from the upper model layer to represent the
Farmington Bay wetlands because it is the part of the model
related to the wetland area. Even though the models did not
explicitly represent the wetlands area, we assume recharge to
layer 1 is related to the actual aquifer recharge because the
models were calibrated to water levels that included wellsin
the lower elevations of the basin.

Based on the results of the steady-state simulations, the
Weber Delta area receives about 100,000 acre-feet per year
(220 hm3/yr) and the Bountiful area about 25,000 acre-feet
per year (30 hm3/yr) of recharge to the basin-fill aquifer. Of
this recharge, about 45,000 acre-feet per year (55 hm3/yr) in
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the Weber Delta area and 13,000 acre-feet per year (16
hm3/yr) in the Bountiful area occurs along the mountain
front. This mountain-front recharge is from either stream
flow entering the model areas or a constant recharge that cor-
relates to inflow from bedrock. In the models, all stream
flows in the Weber Delta and Bountiful areas recharge the
basin-fill aquifer along the mountain front. Recharge from
precipitation and unconsumed irrigation water on the bench-
esisabout 11,000 acre-feet per year (14 hm3/yr) in the Weber
Delta area, and 3000 acre-feet per year (4 hm3/yr) in the
Bountiful area. For the Weber Delta and Bountiful areas
combined, discharge of ground water from springs and drains
is about 45,000 acre-feet per year (55 hm3/yr), evapotrans-
piration from the valley floor is 5000 acre-feet per year (6
hm3/yr), subsurface flow to Great Salt Lake is 32,000 acre-
feet per year (39 hm3/yr), and well discharge is 35,000 acre-
feet per year (43 hm3/yr). The steady-state simulations indi-
cate water levelsin model layer 2 have a similar pattern, but
are generally higher than water levelsin layer 1 in the lower
valley areas. Thistrend indicates upward flow from layer 2
to layer 1.

To evaluate ground-water changes in the Farmington
Bay wetlands area, we needed to evaluate ground-water con-
ditions after steady-state conditions no longer exist in areas
surrounding the wetlands. To evaluate these conditions, we
used the transient models of Clark and others (1990) and
Clark (1991), which simulated the periods 1956-85 and
1947-86, respectively; these models used historical ground-
water withdrawals and natural variations in recharge for the
simulation periods. The transient simulations were during a
period when recharge was variable, and pumpage for public
water supplies was increasing. Recharge in both models var-
ied from periods of less-than-normal to greater-than-normal
precipitation, and additional water was imported into the area
from the Weber River after 1960.

Based on the results of the transient-state simulations,
about 115,000 acre-feet per year (142 hm3/yr) of water
recharges the basin-fill aquifer in the Weber Delta area and
about 28,000 acre-feet per year (34 hm3/yr) recharges the
basin-fill aquifer in the Bountiful areaat the end of both tran-
sient simulations. Thisis about an 18 percent increase over
the steady-state simulation. Discharge from pumping and
flowing wells increased to about 66,700 acre-feet per year
(82 hm3/yr) (48,300 acre-feet [60 hm3] in the Weber Delta
and 18,400 acre-feet [22 hm3] in the Bountiful area) at the
end of the transient simulations. This is about a 50 percent
increase over steady-state conditions. Spring and drain dis-
charge remained about the same as in the steady-state simu-
lations, about 45,500 acre-feet per year (56 hm3/yr) (36,000
acre-feet [44 hm3] in the Weber Delta and 9500 acre-feet [12
hm3] in the Bountiful area). Evapotranspiration increased to
6800 acre-feet per year (8 hm3/yr) (5000 acre-feet [6 hm3] in
the Weber Delta and 1800 acre-feet [2 hm3] in the Bountiful
area) at the end of the transient simulations. The results of
the transient simulations show water-level declines in the
shallow unconfined aquifer (layer 1 of the models) that are
generally less than 5 feet (1.5 m) in areas near the Farming-
ton Bay wetlands area, but water-level declinesare morethan
10 feet (3 m) in some areas upgradient of the study area.
Increased recharge in the transient simulations is probably
due to the extremely wet years that occurred in the later part
of the modeled period. Although the transient models simu-
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Table 5. Average annual simulated ground-water recharge and discharge for the basin-fill aquifer in the Weber Delta and Bountiful areas, Davis
and Salt Lake Counties, Utah.

Water-budget component

Steady-state simulations

Estimated quantity
(acre-feet per year)

Transient-state simulations

Estimated quantity
(acre-feet per year)

Recharge
Subsurface inflow 125,000 143,000
Discharge
Great Salt Lake 32,000 25,000
Springs and drains 45,000 45,500
Evapotranspiration 5000 6800
Pumping and flowing wells 35,000 66,700

late more recharge than the steady-state models, they also
simulate more discharge. The additional discharge is taken
out of aquifer storage.

Table 5 showsthe average annual ground-water recharge
and discharge for the steady-state and transient-state simula-
tions. In the transient simulation, recharge during the late
1950s and early 1960s was less than normal, and water lev-
els in many areas declined due to decreased recharge and
increased well discharge. In the normal to wet conditionsin
the late 1960s through 1984, many areas of the valley had a
rise in smulated water levels, but the simulated water levels
declined elsewhere in the valley. Large withdrawals have
caused the water levels in some areas to decline below the
land surface, thereby causing some wells to cease flowing in
the lower valley. This duality of response is typica of the
complexity observed in the hydrologic system. The overall
difference between the two budgets (steady state and tran-
sient state) is due to variation in recharge, with recharge
being higher during the later part of the transient-state mod-
eled periods. The differences between recharge and dis-
charge in the budget are due to the combining of the two
models and how the models treat each component. Dis-
charge from the basin-fill aguifer in the east shore area
increased at the end of the transient simulations by about 50
percent, but natural discharge (outflow to Great Salt Lake,
springs and drains, and evapotranspiration) decreased by
only about 6 percent.

Water-Budget Scenarios

The valley-wide ground-water flow models were used to
evaluate selected hypothetical alternative water-budget sce-
narios for the Farmington Bay wetlands area. The specific
hypothetical alternatives were chosen based on evaluations
of the Tooele Valley wetlands (Burk and others, 2005). The
scenarios are (1) the steady-state budget, (2) the transient
water budget under historical conditions, (3) the transient
water budget under increased well discharge, (4) the transient
water budget under drought conditions, (5) the transient
water budget under drought conditions and lower Great Salt
Lake levels, and (6) the transient water budget under wetter-
than-normal conditions.

Scenario 1 — steady-state conditions: In the first scenario,

we evaluated the average conditions (steady state) of the
aquifer system, and how much water the wetlands area
receives under these average conditions. The Farmington
Bay wetlands area is represented by part of layer 1 in both
models. In this simulation, the wetlands area receives about
23,300 acre-feet per year (28 hms3/yr) of ground-water
recharge as subsurface inflow. The wetlands area aguifer
discharges about 2500 acre-feet per year (3 hm3/yr) by evap-
otranspiration, 16,400 acre-feet per year (20 hm3/yr) by
springs and drains, and 4400 acre-feet per year (5 hm3/yr) by
subsurface ground-water outflow. As shown in table 6,
recharge is equal to discharge under steady-state conditions
in the wetlands area.

Scenario 2 — transient-state, historical conditions: To
evaluate the effects of historical conditions compared to
steady-state conditions in the Farmington Bay wetlands area,
we used the transient models. The Weber Delta and Bounti-
ful models use historical ground-water withdrawals and vari-
ations in recharge for 25- and 30-year periods, respectively.
The results of this scenario show water-level change in the
shallow unconfined aquifer in the area of the wetlands was
generally lessthan 5 feet (1.5 m). The aquifer in the Farm-
ington Bay wetlands area, under transient-state conditions,
receives about 21,400 acre-feet per year (26 hm3/yr) of
ground-water recharge as subsurface inflow. The aquifer in
the wetlands area discharges about 1500 acre-feet per year (2
hm3/yr) by evapotranspiration, 14,100 acre-feet per year (17
hm3/yr) by springs and drains, and 7400 acre-feet per year (9
hm3/yr) by subsurface ground-water outflow. Under these
conditions, recharge from subsurface inflow to the Farming-
ton Bay wetlands area is reduced by 8 percent compared to
steady-state conditions, while discharge from the Farmington
Bay wetlands area is reduced by only 1 percent (table 7).

Scenarios 3through 6 —transient-state, future conditions:
To evaluate future conditions, we used a 20-year additional
time period applied to each transient ground-water flow
model (Weber Deltaarea[Clark and others, 1990] and Boun-
tiful area [Clark, 1991]) for the east shore area to simulate
additional stress on the wetlands area aquifer. We used these
projected transient ground-water flow models to evaluate the
final four hypothetical scenariosfor the Farmington Bay wet-
lands area. However, because ground-water flow in the east
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Table 6. Seady-state budget for the Farmington Bay wetlands area.

Water-budget component (acre-feet per year)
Recharge
Subsurface inflow 23,300
Total 23,300
Discharge
Evapotranspiration 2500
Springs and drains 16,400
Ground-water outflow 4400
Total 23,300

shore area is complex, the hypothetical scenarios simulated
valley-wide conditions.

The third scenario evaluated what would happen to the
Farmington Bay wetlands area aquifer if pumping of public
and industrial wells continued to increase to meet popula-
tion-growth demands in the east shore area. Projective sim-
ulations were conducted by increasing municipal and indus-
trial well pumpage over the additional 20-year period. An
average annual increase in historica pumpage rate for
municipal and industrial wells for the time period between
1980-85 (about 32,800 acre-feet per year [40 hm3/yr]; 23,400
acre-feet [29 hm3] per year in the Weber Delta area and 9400
acre-feet [11 hm3] per year in the Bountiful area) was used as
the annual rate of increase in municipal and industrial well
discharge in the models. This discharge about doubled the
withdrawals from municipal and industrial wells at the end of
this simulation. We simulated normal recharge by using an
average annual recharge rate of 108,000 acre-feet per year
(133 hm3/yr) in the Weber Delta area and 24,000 acre-feet
per year (30 hm3/yr) in the Bountiful area. Under this sce-
nario, the Farmington Bay wetlands area receives about
18,700 acre-feet per year (23 hm3/yr) of recharge as subsur-
face inflow (table 8). Wetlands-area discharge is about
14,100 acre-feet per year (17 hm3/yr) from springs and
drains, 1450 acre-feet per year (2 hm3/yr) from evapotranspi-
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Table 7. Transient-state budget under historical conditions for the
Farmington Bay wetlands area.

Water-budget component (acre-feet per year)
Recharge
Subsurface inflow 21,400
Total 21,400
Discharge
Evapotranspiration 1500
Springs and drains 14,100
Ground-water outflow 7400
Total 23,000

ration, and 3500 acre feet per year (4 hm3/yr) from subsur-
face outflow (table 8).

Under this ground-water devel opment scenario, recharge
as subsurface inflow to the wetlands area decreases by an
additional 13 percent compared to the transient simulations
using historical conditions, because of increased well with-
drawals under average annual recharge. Compared to the
transient simulations under historical conditions, discharge
from the wetlands area by springs and drains remains the
same, discharge by evapotranspiration decreases by about 3
percent, and subsurface flow out of the wetlands is reduced
by 53 percent.

In the fourth scenario, we simulated drought conditions
using the projected transient models by reducing all basin-fill
recharge by an arbitrary 20 percent. This results in a
recharge as subsurface inflow to the Farmington Bay wet-
lands area of 18,000 acre-feet per year (22 hm3/yr), a
decrease of 16 percent compared to the transient simulations
under historical conditions (table 8). Under this scenario,
discharge from springs and drains is about 14,000 acre-feet
per year (17 hm3/yr), a 1 percent decrease compared to the
transient simulations under historical conditions; evapotran-
spiration is about 1400 acre-feet per year (2 hm3/yr), a7 per-
cent decrease; and about 6300 acre-feet per year (8 hm3/yr)
leaves the area through subsurface outflow, a decrease of
about 15 percent (table 8). Water levels declined throughout

Table 8. Average annual ground-water recharge and discharge for the Farmington Bay wetlands area for scenarios 2 through 6.

Recharge Discharge
(acre-feet per year) (acre-feet per year)
Subsurface Springs Evapotranspiration Subsurface

inflow and drains outflow
Scenario 2 (historical conditions) 21,400 14,100 1500 7400
Scenario 3 (increased well discharge) 18,700 14,100 1450 3500
Scenario 4 (drought conditions) 18,000 14,000 1400 6300
Scenario 5 (drought & lower GSL level) 17,800 200 0 17,000
Scenario 6 (wetter-than-normal conditions) 22,400 15,500 1800 4700
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the simulated areas, but declines were lessthan 5 feet (1.5 m)
in the wetlands area. The reduced recharge in this scenario
results in reduced spring discharge and evapotranspiration.

We further simulated drought conditions in the fifth sce-
nario by using the projected transient model and reducing all
basin-fill recharge by 20 percent and lowering Great Salt
Lake water levels 10 feet (3 m). Great Salt Lake was low-
ered from the 4200-foot (1280 m) level used at the end of the
transient simulation based on historical data, to 4190 feet
(1277 m) at the end of this projected transient simulation.
This was accomplished by lowering the general head bound-
aries, which represent lake levels in the models; this did not
change the locations of the boundariesin the models. Analy-
sis of a greater change in average recharge and lake level
would require reinterpretation of the models. The effects of
this scenario on recharge and discharge in layer 1 in the
Farmington Bay wetlands area are presented in table 8. In
this simulation, the Farmington Bay wetlands area receives
17,800 acre-feet per year (22 hm3/yr) of recharge as subsur-
face inflow, about 17 percent less than in the transient simu-
lation using historical data. Discharge from springs and
drains is reduced to 200 acre-feet per year (0.2 hm3/yr), a
decrease of 99 percent compared to the transient simulations
under historical conditions; evapotranspiration drops to zero;
and subsurface outflow from the wetlands area increases to
17,000 acre-feet per year (21 hms3/yr), an increase of 130 per-
cent. For this smulation, water levels in the wetlands area
drop more than 10 feet (3 m), which would result in springs
drying up and ground-water levels below the reach of
phreatophyte roots. Because fresh water in the shallow
unconfined aquifer becomes lower in elevation than Great
Salt Lake, salt water intrusion may aso occur in the aquifer.

Finally, in the sixth scenario we simulated what would
happen if average recharge is increased using the projected
transient model. Here we used the projected transient simu-
lation with 20 percent increased recharge. The effect on
recharge and dischargein layer 1 in the Farmington Bay wet-
lands areais presented intable 8. In thissimulation, the wet-
lands area receives about 22,400 acre-feet per year (27
hm3/yr) as subsurface inflow, a5 percent increase in recharge
compared to the transient simulations under historical condi-
tions. Discharge from the wetlands area by springs and
drains is about 15,500 acre-feet per year (19 hm3/yr), an
increase of 10 percent compared to the transient simulations
under historical conditions; evapotranspiration increases to
1800 acre-feet per year (2 hm3/yr), a 20 percent increase; and
subsurface outflow decreases to 4700 acre-feet per year (6
hm3/yr) (due to the increased evapotranspiration and dis-
charge to springs in the wetlands area), a decrease of 36 per-
cent reflecting the rise of the water tablein the wetlands area,
causing surface inflow to Great Salt Lake.

Conclusions from Water-Budget M odeling

Three-dimensional steady-state and transient-state
ground-water flow models were used to simulate six scenar-
ios for estimating present and future impacts of urban devel-
opment and climate change on ground-water conditions in
the Farmington Bay wetlands area. The wetlands in the
Farmington Bay area are downgradient of most of the water
usersin the basin, so wetland health and functionality depend
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on upgradient activity. Determining the worst-case scenario
for wetland degradation is difficult due to ground-water
model limitations (such as simplified ground-water recharge
mechanisms) and the complexity of the ground-water flow
system in the east shore area of Great Salt Lake. Aswith all
models, the ground-water flow models of the east shore area
are based on a conceptual model of the basin that in turn
depends on (1) how well we understand the processes oper-
ating in the aquifer, (2) how well we know and represent the
geometry of the system, and (3) how accurate our underlying
assumptions are in relation to development of the model.
The fact that the models predict or suggest a situation does
not necessarily mean that situation will occur. However, the
models offer the best tool that we have for evaluating some-
thing as complex as ground-water flow. The modeled results
are meant to generate possible outcomes for the proposed
scenarios, which, most importantly, will help guide land-use
planning and development decisions.

Hydrologic conditions are extremely important for the
maintenance of the Farmington Bay wetlands. The water-
budget analysis we conducted quantifies the amount of water
flowing into and out of the Farmington Bay wetlands area, at
least according to the ground-water flow models. The mod-
els assume that recharge to the wetlands area occurs only in
the subsurface, which causes an underestimation of recharge
and discharge in the ground-water flow models.

Our modeling results suggest that recharge as subsurface
inflow to the wetlands area would decrease more by contin-
uing drought than by increased pumping (at least at the
decreased recharge and increased pumping levels used in our
scenarios), especialy when considering the drop in Great
Salt Lake level that would occur during such a drought. The
model suggests that a change to wetter-than-normal condi-
tions would increase recharge as subsurface inflow to the
wetlands area, causing an increase in spring and seep dis-
charge and evapotranspiration; this represents the most ben-
eficial scenario for the wetlands. Increased water with-
drawals from wells in the east shore area causes a reduction
in recharge to the wetlands area, but most of the change is
accounted for by reduced subsurface outflow from the wet-
lands area. Development in the east shore area has some
effect on recharge to the wetlands area, as shown by the
reduced recharge from the steady-state condition at the end
of the transient simulation. The worst-case scenario for the
wetlands would be a combination of long-term drought and
increased ground-water pumpage. Considering the pressures
for more development and the likelihood of periodic drought,
this combined scenario seems likely. If this combined sce-
nario occurs, the loss of recharge to the Farmington Bay wet-
lands area would most likely result in a decrease of the func-
tionality of the wetlands; some parts of the wetlands would
dry up and upland plants would replace wetland plants, or the
land would become so dry and saline that only halophilic
plants would be able to survive. The other possibility under
the combined increased pumpage and drought scenario
would be that the wetlands function for only a short time dur-
ing the spring when water is abundant enough to produce
ponds and marshes; later in the year the wetlands would dry
up, leaving little to no water for plants or animalsin the wet-
land community.
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CONCLUSIONSAND RECOMMENDATIONS

The federal government has a “no net loss’ policy for
wetlands, but it is up to the local community to identify the
threats posed to local wetlands, and to develop aplan for pre-
serving and managing the wetlands. To meet thisfederal pol-
icy, the Farmington Bay wetlands area should be managed to
maintain its current water budget, estimated to include
38,000 acre-feet per year (47 hm3/yr) of recharge from all
sources, of which 16,000 acre-feet per year (20 hm3/yr) is
subsurface inflow (table 4). To reduce the potential for
degradation of the Farmington Bay wetlands, restrictions
could be placed on the areas of development, such as allow-
ing development only in upland environments or placing a
non-development buffer around the wetland areas. Another
option could be to restrict development to only the more ben-
eficial land uses. Overall, agricultural land use is more ben-
eficial to wetland health and functionality than industrial and
urban land use. If local governments intend to allow contin-
ued development in these areas, alowing only land uses that
have minimal impacts to wetlands, such as rotational grazing
on irrigated pastures, low-density rural developments, and
single-family residential developments with a half acre of
native vegetation between houses, would be the best ap-
proach for preserving the Farmington Bay area wetlands.
Wastewater from municipal sewers, where possible, could be
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reused or discharged to the environment upgradient of the
wetlands, preserving this water for wetland use. Enactment
of water-conservation practices would aso be beneficial for
wetland environments. Thiswould help ensure that the wet-
lands receive the water they need to maintain their function-
ality.

Our studies indicate the wetlands in the Farmington Bay
area are endangered. The threats posed are drought and in-
creased development due to population growth, which could
dramatically affect the amount of water that the wetlands
receive. We cannot predict changes in climate with certain-
ty, but we can plan appropriately for future development.
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APPENDIX A

Wetlands Background, Definitions, and Functions

The material in this appendix is from Burk and others (2005). Wetland scientists have had a tremendous amount of difficul-
ty defining a wetland because wetlands can be very different from place to place. Due to this variability, scientists have made
numerous attempts at deriving an all-encompassing definition of awetland. Wetlands are generally defined as transitional lands
between terrestrial and aquatic ecosystems. Three criteria are used to define awetland: hydrology, soil, and vegetation. To be
classified as a wetland, an area must have specific characteristics related to one or more of these criteria.

The two interest groups that require a definition for wetlands are wetland scientists and wetland managers and regulators.
Wetland scientists are interested in a definition that facilitates classification, inventory, and research of wetlands, whereas wet-
land managers are interested in the laws and regulations surrounding wetlands. The most widely accepted scientific definition,
developed by the U.S. Fish and Wildlife Service as part of the National Wetlands Inventory, states: “Wetlands are lands transi-
tional between terrestrial and aguatic systems where the water table is usually at or near the surface or the land is covered by
shallow water... Wetlands must have one or more of the following three attributes. (1) at least periodically, the land supports
predominantly hydrophytes; (2) the substrate is predominantly undrained hydric soil; and (3) the substrate is nonsoil and is sat-
urated with water or covered by shallow water at some time during the growing season of each year” (Cowardin and others,
1979).

The two entities that deal with the laws and regulations on wetlands are the U.S. Environmental Protection Agency (EPA)
and the U.S. Army Corps of Engineers, which define wetlands as “those areas that are inundated or saturated by surface or
ground water at a frequency and duration sufficient to support, and that under normal circumstances do support, a prevalence of
vegetation typically adapted for life in saturated soil conditions. Wetlands generally include swamps, marshes, bogs, and simi-
lar areas’ (U.S. Army Corps of Engineers, 1987, p. 9). The U.S. Army Corps of Engineers oversees the regulatory aspect of wet-
lands, specificaly in relation to the Clean Water Act, so they are the agency in charge of enforcing the “no net loss” policy of
the federal government.

The presence of water at or near the surface in a wetland is obvious, but water need not be there all the time in a wetland.
Many wetlands are “wet” only during certain periods of the year. The presence of water is nonetheless a critical part of a wet-
land, and influences the soil and vegetation in awetland. The type of soil in awetland istermed hydric. “A hydric soil is a soil
that is saturated, flooded, or ponded long enough during the growing season to develop anaerobic conditions that favor the
growth and regeneration of hydrophytic vegetation” (Mitsch and Gosselink, 2000, p. 756). The term hydrophytic vegetation or
hydrophyte refersto “water loving” plants, which are able to survive with little or no oxygen, and can withstand fluctuating water
levels. Two types of hydrophytes exist: aquatic and emergent. Aquatic plants, such as the water lily, actually live in the water.
Emergent plants have roots that grow in soil that is saturated with water, while the rest of the plant may be exposed to the atmos-
phere. Emergent plants include cattails, reeds, and sedges. The soil and vegetation in a wetland are very dependent upon water
for their development and growth, illustrating that water is the master variable when it comes to wetlands.

One of the most important functions of wetlands is their ability to improve water quality. This occurs by filtration of water
as it flows through a wetland. Water that enters a wetland may be laden with pollutants, which can settle out of the water col-
umn during transport. Toxic substances can be buried and trapped in bottom sediments. Plants and microorganisms can absorb
and consume the toxic substance and return them to the environment in benign forms. Many wastewater treatment plants use
constructed or modified wetlands to treat water before returning it to the environment.

Another benefit of wetlands is their ability to control flooding and act as storage reservoirs. When floodwater encounters a
wetland, the force and velocity of the water is dissipated, so downstream damage is typically reduced. Additionally, as wetlands
capture floodwater, the water is stored in the wetlands and released slowly during the following months. This stored water can
recharge ground-water aquifers, which is very important for drought-stricken areas.

Wetlands are also important habitat areas. They have high biodiversity and productivity that is comparable to rain forests
and coral reefs (U.S. EPA, 2003). Wetlands are important to many plant and animal species; about 45 percent of the species list-
ed asthreatened or endangered under the Endangered SpeciesAct use wetland habitat (National Wildlife Federation, 1989). Wet-
lands offer habitat for plants, insects, fish, amphibians, reptiles, mammals, and birds, creating a self-sustaining food web. Ani-
mal's use wetlands as a source for food, as nesting grounds, and as nurseries.
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Utah Geological Survey
APPENDIX C

Water-Quality Data

Table C.1. Water-quality data for the Farmington Bay wetlands area, Davis County, Utah

Nitrogen Solids, Lab,
NO2 + sum of Field Field, Specific
Well NO3 constituents, Tempera- Specific Conduct- Aluminum, Arsenic, Barium, Bicarbon-
Depth Sample dissolved dissolved ture, Conductance ance pH, dissolved dissolved dissolved ate
Site ID (feet) Date (mg/L) (mgl/L) (°C) (uS/cm) (umhos) lab pH field (ng/L) (ng/L) (ng/L) (mg/L)
#5FB 5 11/17/06 2.16 5992.00 11.00 9.20 10650.00 8.50 7.80 <100.0 66.505 <100.0 1005.0
#1FB 5 11/8/06 <0.1 1328.00 14.90 2.61 2260.00 8.17 7.50 38.143 188.65 308.99 1298.0
#2FB 5 11/17/06 <0.1 30644.00 8.40 47.0 >12000 8.95 8.10 <30.0 617.16 <100.0 3956.0
#3FB 5 11/17/06 <0.1 5550.00 7.90 12.18 9390.00 8.65 3.40 <30.0 113.84 113.12 2434.0
#4FB 5 11/17/07 <0.1 47490.00 11.90 77.90 >12000 7.41 2.90 509.01 <50.0 <100.0 706.0
#3FB 5 6/12/07 <0.1 — — — >12000 9.21 — — — — 2394.0
#2FB 5 6/12/07 0.9 — — — >12000 — — — — — —
Table C.1. (continued)
Carbonate

Cadmium, Calcium, Carbon Chromium, (CO3) Copper, Iron, Lead, Magnesium, Manganese,

dissolved dissolved dioxide Carbonate Chloride dissolved Solids dissolved Hydroxide dissolved dissolved dissolved dissolved
Site ID (ngl/L) (mg/L) (mg/L) (mg/L) (mg/L) (ng/L) (mg/L) (ug/L) (mg/L) (ug/L) (ug/L) (mg/L) (ng/L)
#5FB <1.0 26.40 5.00 26.00 2380.0 <5.0 521.0 <12.0 0.00 <20.0 <3.0 121.0 113.51
#1FB <1.0 92.20 14.00 0.00 180.0 7.4895 639.0 <12.0 0.00 27.50 <3.0 192.0 29.268
#2FB 2.3536 11.70 7.00 307.00 12550.0 <5.0 225.0 41.688 0.00 5270.00 <3.0 266.0 36.118
#3FB 1.0205 23.20 14.00 76.00 1550.0 <5.0 127.0 13.888 0.00 <20.0 <3.0 130.0 53.089
#4FB <20.0 125.00 8.00 0.00 27000.0 <50.0 347.0 63.227 0.00 42.00 <20.0 988.0 <20.0
#3FB — — 2 — 2240.0 — 149.0 — — — — — —
#2FB — — — — 3630.0 — 0.0 — — — — - —
Table C.1. (continued)

Total

Mercury, Phosphate, Potassium, Selenium, Silver, Sodium, Total Total Suspended Zinc,

dissolved total dissolved dissolved dissolved dissolved Sulfate Alkalinity Hardness Solids Turbidity, dissolved Data
Site ID (mg/L) (mgl/L) (mgl/L) (ng/L) (ng/L) (mg/L) (mg/L) (mg/L) (mg/L) (mglL) (NTU) (ng/L) source
#5FB <0.2 1.70 126.0 NO <5.0 2010.0 628.0 868.0 563.7 182.0 129.0 <30.0 UGS
#1FB <0.2 0.244 40.1 <1.0 <5.0 207.0 37.2 1064.0 1020.0 320.0 130.0 <30.0 UGS
#2FB <0.2 5.15 252.0 1582.00 2.653 9470.0 3240.0 3756.0 1123.6 10580.0 >10000.0  <30.0 UGS
#3FB <0.2 241 164.0 NO <5.0 1940.0 555.0 2122.0 592.8 1204.0 733.0 <30.0 UGS
#4FB <0.2 1.36 882.0 1.025 <50.0 16300.0 2270.0 579.0 4377.0 129.2 236.0 <0.2 UGS
#3FB — 17.6 — — — — 983.0 2493.0 — 2060.0 856.0 — UGS

#2FB — 10.3 — — — — 2070.0 0.0 — 67400.0  >10000.0 — UGS
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