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Groundwater Levels in the Denver Basin Bedrock Aquifers
of Douglas County, Colorado, 2011-2013

By Rhett R. Everett

Abstract

More than 70 percent of the municipal water supply
in the south Denver metropolitan area is provided by
groundwater, and homeowners in rural areas depend solely
on self-supplied groundwater for water supply. Increased
groundwater withdrawal to meet the demand of the rapidly
growing population is causing water levels to decline. The
U.S. Geological Survey, in cooperation with the Rural Water
Authority of Douglas County, began a study in 2011 to assess
the groundwater resources of the Denver Basin aquifers within
Douglas County, Colorado. The primary purpose of this study
was to monitor changes in the groundwater levels of the
bedrock aquifers of the Denver Basin within rural Douglas
County. To better assess the water resources of the Denver
Basin bedrock aquifers, a groundwater monitoring network
was established in 2011. More than 500 manual and 213,900
automated water-level measurements collected from the 36
domestic-well network between April 2011 and June 2013
showed water-level declines in all aquifers.

Manual and automated (time-series) water-level data
collection from these sites between 2011 and 2013 showed
water level declines in 36 wells. Over the 2-year monitoring
period, average declines of approximately 0.4 foot per year
were observed in the upper Dawson aquifer, declines of over
2.6 feet per year were observed in the lower Dawson aquifer,
declines of about 3.2 feet per year were observed in the Denver
aquifer, declines of about 1.9 feet per year were observed in the
Arapahoe aquifer, and declines of about 9.9 feet per year were
observed in the Laramie-Fox Hills aquifer.

Introduction

Groundwater from Denver Basin bedrock aquifers (fig. 1)
provides more than 70 percent of the municipal water supply
in the south Denver metropolitan area, and some water provid-
ers consider groundwater availability in this area insufficient
for long-term demand (South Metro Water Supply Study
Board, written commun., 2003; Colorado Water Conservation
Board, 2004a). Domestic groundwater use is less than munici-
pal use but is widespread throughout the basin, and residents

in rural areas depend solely on self-supplied groundwater
for water supply (Paschke, 2011). Some Douglas County
municipal water providers have water rights to the South
Platte River and its tributaries Cherry Creek and Plum Creek
(fig. 1), but their allocations do not provide enough water to
satisfy the renewable supplies necessary to fulfill the exist-
ing water demands of the county (South Metro Water Supply
Study Board, written commun., 2003). In 1990, the population
of Douglas County, Colorado (Colo.) (fig. 1), was just over
60,000 people (U.S. Census Bureau, 2011). Between 2000 and
2008, the population had increased by about 60 percent from
175,766 to 280,621 residents occupying more than 101,000
housing units. The Douglas County Planning Commission
estimates the population will grow to more than 444,000 by
2030 (Douglas County 2030 Comprehensive Master Plan,
undated). Increased groundwater withdrawal is causing large
water-level declines, especially along the western edge of
the Denver Basin and in parts of Douglas County. This raises
concerns that the groundwater supply may be depleted much
faster than previously thought (Nichols and others, 2001;
Moore and others, 2007).

In October 2008, the Rural Water Authority of Douglas
County (RWADC) was created to assist county residents
in developing water resources and systems for the benefit
of all water users and landowners within the county. The
RWADC’s mission is to assist the more than 8,000 rural
well-water users and 14 small (fewer than 500 taps) water
districts by evaluating current and future water supplies and
demand, determining services and(or) facilities that are of
benefit to them, and advising and assisting other agencies on
rural water issues (http.//www.rwadc.org/home.html accessed
September 2012). The RWADC collaborates with other local,
regional, and statewide water-supply agencies in the devel-
opment of water-supply plans and conservation of water
resources; educates and informs water users as to issues
affecting an adequate, sustainable, and reliable water supply;
and provides services or functions related to the provision of
an adequate, sustainable, and reliable water supply to rural
water users. The U.S. Geological Survey (USGS), in coop-
eration with the RWADC, began a study in 2011 to assess the
groundwater resources of the Denver Basin aquifers within
Douglas County. The primary purpose of this study was to
monitor changes in the groundwater levels of the bedrock
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aquifers of the Denver Basin within rural Douglas County.
To accomplish this, a county-wide groundwater-level moni-
toring network for the long-term monitoring of the water
resources was established. Water levels measured from wells
in the network provide an assessment of the current water
resource and provide the basis from which to monitor long-
term changes of the hydrologic system.

Purpose and Scope

The purpose of this report is to describe changes in the
groundwater level of the bedrock aquifers of the Denver Basin
within rural Douglas County, Colo. Currently (2014), 36 exist-
ing well sites throughout the county are included in the moni-
toring network and water-level measurements are being made
bi-monthly (every 2 months) (fig. 2). In addition to manual
measurements, 15 of the wells are equipped with vented pres-
sure transducers and data loggers set to record water levels
on an hourly basis (fig. 2). This report presents a summary of
the well-selection process, data collected between April 2011
and June 2013, and limited discussion of the preliminary
observations.

Previous Work

Since Cross and others (1884) first described the artesian
groundwater conditions of the Denver Basin in 1884, extensive
work has been conducted to describe the geologic history, struc-
tural geology, stratigraphy, natural resources, and hydrologic
conditions of the Denver Basin and surrounding area. Wireman
and Romero (1989) published a bibliography of geology and
groundwater geology for the Denver Basin containing over 160
references, and Paschke (2011) cited over 190 references in a
detailed description of previous work. The following discus-
sion of previous work is a brief summary that focuses on work
directly related to groundwater and this report.

Systematic hydrogeologic characterization of the
Denver Basin aquifers began in the 1970s as part of develop-
ing nontributary groundwater rules established by Colorado
Senate Bill 213 (Graham and Van Slyke, 2004). The Colorado
Division of Water Resources (CDWR) and the USGS col-
laborated through the 1970s and 1980s by mapping and
characterizing the primary aquifers of the Denver Basin.

This collaboration resulted in multiple reports (Romero and
Hampton, 1972; Romero, 1976; Robson and Romero, 1981a,
1981b; Robson, Romero, and Zawistowski, 1981; Robson,
Wacinski, and others, 1981; and Robson, 1983), and culmi-
nated in the construction of a groundwater flow model of the
Denver Basin aquifers (Robson, 1987). Using additional avail-
able data, the CDWR then created maps of geologic structure,
silt-plus-sand thickness, and areas of nontributary groundwater
for each of the bedrock aquifers (Van Slyke and others, 1988a,
1988b, 1988c¢, 1988d). This work formed the basis for defin-
ing aquifer boundaries in the basin (Graham and Van Slyke,
2004). More recently, the USGS, in cooperation with the
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CDWR and the Colorado Water Conservation Board (CWCB),
developed a fully three-dimensional groundwater flow model
of the Denver Basin aquifer system (Paschke, 2011).
Historical water-level data collection for Denver Basin
bedrock aquifers has been irregular, and water-level monitor-
ing efforts have decreased since the 1980s (Colorado Water
Conservation Board, 2004b, 2006). Initial water-level moni-
toring in the Denver Basin completed by Emmons and others
(1896) included wells located in downtown Denver. The first
basin-wide assessment of water levels was done by the USGS
from 1956 to 1963 (McConaghy and others, 1964). Major and
others (1983) included a comprehensive set of water-level
data for the bedrock and alluvial aquifers through 1981. In
the 1980s, the CDWR established a water-level monitoring
network of approximately 278 wells and water-level data
collected therefrom are published in annual reports (Pottorff
and Horn, 2013). The South Platte Decision Support System
published a compilation and bibliography of all available
water-level data for bedrock and alluvial aquifers through
2004 (Colorado Water Conservation Board, 2004b, 2006).
Studies within Douglas County that contributed to under-
standing the hydrologic resources include Hillier and others
(1978), who examined the hydrology and water quality of the
Arapahoe aquifer in the Englewood—Castle Rock area, and
the Castle Pines core hole that fully penetrated the Arapahoe
aquifer (Raforth and Jehn, 1990; Robson and Banta, 1990;
Robson and Banta, 1993; Robson, 1995). Moore and others
(2007) examined groundwater use and population growth and
summarized the problems associated with groundwater devel-
opment in Douglas County. The CDWR monitoring network
presently measures water levels in about 89 municipal and
domestic wells within Douglas County on an annual basis
(Pottorff and Horn, 2013). Since 2009, the USGS has mea-
sured water levels in 19 domestic wells in a subdivision near
Parker, Colo., in the northeastern corner of Douglas County.

Description of the Study Area

Douglas County, Colo., is located midway between
Denver and Colorado Springs (fig. 1). The county encom-
passes 842 square miles (mi?) and is bounded by Jefferson
County and the South Platte River to the west, Arapahoe
County to the north, Teller and El Paso Counties to the South,
and Elbert County to the east. Elevations in Douglas County
range from a low of about 5,400 feet (ft) in the northwest
corner to over 9,800 ft in the southwest corner. The varied
topography is characterized by mountains, foothills, ridge-
lines, mesas, and plains. Vegetation varies with topography.
Pine, spruce, and fir trees cover the mountains; gamble oak,
mountain mahogany, and chokecherry are predominate in
the foothills; cottonwood trees, willows, and lush grasses are
found in the riparian zones; and blue grama, switch grass, and
winter wheat grasses are prevalent in plains (Douglas County
2030 Comprehensive Master Plan, undated). Douglas County
is drained by the South Platte River and Cherry and Plum
Creeks that flow north into the South Platte (fig. 1).
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In 2010, the county population was 285,465; a 62.4 per-
cent increase since the 2000 census (U.S. Census Bureau,
2011), making Douglas County the fastest growing county in
the Front Range urban corridor. Douglas County has a diverse
land use. In addition to its urban centers of Castle Rock,
Parker, and unincorporated Highlands Ranch, Douglas County
has several smaller rural communities, housing developments,
ranches, and open spaces.

The western one-third of the county is underlain by the
granitic bedrock of the Rocky Mountain Front Range (fig. 1),
and private well owners withdraw their water from fractures
in the bedrock. The eastern two-thirds overlie the Denver
Basin, and private well owners withdraw their water from one
of the principal aquifers, depending on well location and use.
Douglas County reports the total number of domestic private
wells increased from 1,124 in 1970 to 7,957 by 2009 (Douglas
County, 2009).

The Denver Basin aquifer system is a synclinal structure
composed of Late Cretaceous to Tertiary-age sandstone bedrock
aquifers separated by claystone confining units that underlie
about 7,000 mi? of the Great Plains along the eastern edge of the
Rocky Mountain Front Range (Fenneman, 1931; Robson, 1987;
Paschke, 2011). The Denver Basin extends north to Greeley;
south to near Colorado Springs; west to the base of the Front
Range; and east to the eastern edge of Adams, Arapahoe, and
Elbert Counties (fig. 1). The lowest part of the Denver Basin
bedrock aquifer system is located in Douglas County just north
of Parker, Colo., at an elevation of approximately 3,410 ft.

The total thickness of the aquifer system reaches a maximum
of approximately 3,200 ft beneath the topographic high of the
Palmer Divide (fig. 1). Surface-water drainage in the Denver
Basin is split by the Palmer Divide, with the northern three-
quarters draining into the South Platte River Basin and the
southern one-quarter draining into the Arkansas River Basin.

The bedrock aquifers, from oldest to youngest, are the
Laramie—Fox Hills, Arapahoe, Denver, and Dawson aquifers
(Robson, 1987) and are composed of the Fox Hills Sandstone,
Laramie Formation, Arapahoe Formation, Denver Formation,
and Dawson Formation, respectively (fig. 3). The Arapahoe
and Dawson aquifers are divided into lower and upper units
in parts of the basin. The Cretaceous Pierre Shale confining
layer underlies the bedrock aquifers throughout the basin, while
alluvial sand, gravel, and clay deposits overlie the bedrock
aquifers primarily along the stream channels of the South Platte
and Arkansas River drainage systems. All of the bedrock aquifer
units crop out at some point in the Denver Basin. The oldest
rocks of the Laramie-Fox Hills aquifer, are exposed around the
outer margins of the basin, and the outcrop area of each younger
unit is smaller in size and contained within the boundaries
of the older unit that it overlies (fig. 1). Generally, confined
groundwater conditions exist in the bedrock aquifers where
they are overlain by younger units, and unconfined groundwater
conditions exist in outcrop areas and in alluvial deposits.

The Laramie-Fox Hills aquifer is the oldest, most exten-
sive, and deepest of the bedrock aquifers in the Denver Basin.
The Laramie—Fox Hills aquifer is composed of the basal sand-
stone layers of the Cretaceous Laramie Formation, composed of
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very fine to medium-grained sandstone with interstitial silt and
clay, and the underlying Fox Hills Sandstone, composed of very
fine grained silty sandstone and shaly siltstone with interbedded
shale (Romero, 1976; Schneider, 1980; Robson, Wacinski, and
others, 1981; Robson, 1987). The Laramie-Fox Hills aquifer
underlies the entire extent the of the Denver Basin, approxi-
mately 7,000 mi? (543 mi? within Douglas County) and ranges
in thickness from tens of feet near the edges of the basin to
between 300 and 400 ft near the central part of the basin where
the average water-yielding thickness is about 150 ft (Robson,
1987; Paschke, 2011). The Laramie-Fox Hills aquifer is con-
fined by the Cretaceous upper Laramie Formation. Composed
of a gray to black shale, coal seams, and minor amounts of
siltstone and sandstone, the confining layer ranges in thickness
from as much as 700 ft near the Front Range to less than 100 ft
on the eastern edge of the basin.

The Arapahoe aquifer is composed of Cretaceous-age
sequences of interbedded conglomerate, sandstone, siltstone,
and shale. The aquifer underlies approximately 4,700 mi? of
the Denver Basin (540 mi? within Douglas County) and is
generally 400 to 700 ft thick with an average water-yielding
thickness of 200 to 300 ft thick (Romero, 1976; Robson,
Romero, and Zawistowski, 1981; Robson, 1987). In the
northern one-third of its extent, where shale is more prevalent,
the Arapahoe aquifer is divided into upper and lower aquifers
with an intervening shale confining unit. In the southern two-
thirds of the aquifer, extensive lens-shaped conglomerate and
coarse-grained sandstone beds up to 40 ft thick are present
(Robson, 1987). In some areas, particularly in Douglas and
El Paso Counties, the lenses are so closely spaced they form a
single hydrologic unit that can be up to 300 ft thick (Robson,
1987; Paschke, 2011). The elevation of the base of the lower
Arapahoe aquifer ranges from 4,100 ft at the basin center just
north of Parker, Colo., to approximately 6,200 ft along the
southwest basin margin, and the maximum depth to the base
of the aquifer is approximately 2,600 ft below land surface at
the Palmer Divide (Paschke, 2011). The Arapahoe aquifer is
confined by fine-grained deposits in the upper portion of the
Arapahoe Formation. Averaging about 90 ft thick, this unit
ranges from O ft to a maximum thickness of about 250 ft near
the center of the confining-unit extent in southwest Adams
County (Paschke, 2011).

The Denver aquifer is composed of Late Cretaceous- to
Tertiary-age interbedded shale, claystone, siltstone, sandstone,
coal, and volcanic ash and rocks (Romero, 1976; Robson,
Wacinski, and others, 1981; Robson, 1987). The aquifer
underlies approximately 3,200 mi? of the Denver Basin (532 mi?
within Douglas County) and is generally 600 to 1,200 ft thick
with an average water-yielding thickness between 100 to
300 ft (Robson, 1987; Paschke, 2011). In general, sandstone
beds, derived from alluvial fan deposits, are more predominant
along the mountain front (Crifasi, 1992; Kirkham and Ladwig,
1979), and finer grained sediments and coal beds, derived from
overbank and swamp deposits, increase in predominance farther
from the mountain front (Kirkham and Ladwig, 1979). The
water-bearing sandstone and siltstone units in the Denver aqui-
fer occur in lens-shaped beds ranging in thickness from as little
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Figure 3. Generalized geologic cross sections through the Denver Basin. A, east to west cross section; B, north to south cross.

as a few inches to as much as 50 ft that are dispersed within
relatively thick sequences of claystone and shale. Therefore, the
thickness of water-yielding materials is much less than the over-
all thickness of the aquifer, which generally ranges from 100

to 300 ft (Robson, 1987). The greatest water-bearing thickness
in the Denver aquifer (400 to 600 ft) occurs along the western
basin margin in southern Douglas County (Paschke, 2011). Due
to the heterogeneity of the Denver Formation, the extent and
thickness of the confining unit is difficult to map on a regional
scale (Raynolds, 2002, 2004). Administratively, the Denver
stratigraphic interval is divided into three sections: a lower
confining unit, an aquifer, and an upper confining unit (Paschke,
2011). Total thickness of the lower confining unit ranges from

0 to as much as 300 ft with a mean of about 50 ft. Thickness

of the upper confining unit ranges from 0 to as much as 200 ft,
with a mean of about 50 ft and the unit has a smaller extent than
that of the Denver aquifer (Paschke, 2011).

The Dawson aquifer is composed of interbedded fluvial
conglomerate, sandstone, siltstone, and shale (Romero, 1976;
Robson, Romero, and Zawistowski, 1981; Robson, 1987).
The aquifer underlies approximately 1,400 mi? of the Denver
Basin (488 mi? within Douglas County) and ranges from 100
to 1,100 ft thick with an average water-yielding thickness
between 100 and 400 ft (Robson, 1987; Paschke, 2011). In the
northern two-thirds of its extent, a clay and shale confining

layer is present in the Dawson, and the aquifer is separated
into the upper Dawson aquifer, which has an extent of 600 mi?
(298 mi? within Douglas County) and lower Dawson aquifer,
which has an extent of 1,400 mi? (488 mi* within Douglas
County). In the southern part of the Dawson aquifer, the
confining layer is difficult to identify, and the entire 600-ft-
thick sequence of sediment in this area is assigned to the lower
Dawson aquifer (Paschke, 2011). The greatest water-bearing
thickness (200 to 375 ft) is located in the west-central part of
the basin along the Douglas-El Paso County line, similar to the
Denver and Arapahoe aquifers (Paschke, 2011).

The alluvial aquifer is composed of unconsolidated,
coarse-grained sand and gravel deposits, with interbedded
clays present in some areas (Scott, 1963). The aquifer overlies
approximately 2,352 mi? of the Denver Basin (33 mi? within
Douglas County), primarily along present-day stream chan-
nels, and is generally 3 to 376 ft thick (Paschke, 2011). Allu-
vial deposits along the main channel of the South Platte River
and tributaries draining directly from the Front Range tend to
be coarser grained than alluvial deposits in tributaries drain-
ing from the Palmer Divide, because streams draining from
the mountains receive coarser-grained source materials from
steeper terrain than streams draining the sedimentary rocks of
the Denver Basin (Paschke, 2011).



Study Methods

This section presents an overview of the methods used
to assess groundwater levels in the study area.

Identifying Target Areas

Statistical analysis and predictive simulation results of
the USGS groundwater model presented by Paschke (2011)
were used to ascertain areas of potential interest with respect
to groundwater levels. In addition, anecdotal information
provided by residents was used to identify areas of known
problems that were of interest.

Parameter-prediction (PPR) statistics quantify the
decrease in prediction uncertainty caused by improved infor-
mation for a parameter, and Observation-Prediction (OPR) sta-
tistic quantifies the decrease in prediction uncertainty caused
by addition or omission of an observation (Hill and Tiedeman,
2007). The program OPR—PPR (Tonkin and others, 2007) is
a model-analysis tool designed to calculate the OPR and PPR
statistics. OPR—PPR also calculates the Observation-Parameter
(OPA) statistic, which quantifies the relation of observations
and their uncertainties to parameter uncertainty. Maps of the
OPA statistic values for a selected parameter can be used to
identify areas where parameter uncertainty would be most
effectively decreased by adding an observation; in this case, a
head observation (Paschke, 2011). The OPA values, calculated
from Paschke (2011), for the potentiometric surface parameter
for each bedrock aquifer were grouped together and overlaid
on a map (fig. 4). The darkest colors on the map of PPR sta-
tistics identify areas where additional water-level data would
most effectively decrease prediction uncertainty; therefore,
additional data collected in these areas would be most benefi-
cial in improving the groundwater model. Thus, these areas
were targeted for additional water-level data collection.

While they are not definitive predictors of future condi-
tions, predictive groundwater model simulations lend insight
to long-term effects of groundwater withdrawal on water
levels. The 50-year (yr) (December 31, 2003 to December 31,
2053) predictive simulations of groundwater-level declines
done by Paschke (2011) were used for this purpose. For each
bedrock aquifer, results indicated areas within Douglas County
that had the potential for more than 100 ft of drawdown at the
end of the prediction period (fig. 4). The areas of predicted
100-ft water-level declines were located mostly in northern
Douglas County (fig. 4).

Conversations with RWADC board members and resi-
dents indicated several areas where well owners were experi-
encing problems. While these problems were broad in scope,
reports of declining water quality and the need to lower a
pump or replace a well were noted and given a higher prior-
ity. In general, these reports were associated with areas along
the outer edge of a given aquifer or wells that were more than
30 yr old. In an attempt to quantify the problems, these areas
were identified as areas of reported problems (fig. 4).

Study Methods 1

Well Selection

Once the areas of interest (OPA statistics, predicted
drawdown, and reported problems) with respect to groundwater
levels were identified, an effort was made to find existing wells
in those areas that could be incorporated into a water-level
monitoring network. Well selection was completed in several
steps including: creation of a database of domestic wells in
Douglas County, field visits, solicitation of volunteers, and final
site selection.

A database of domestic wells in Douglas County was
created to access the spatial distribution of wells within a given
aquifer. First, all well-permit applications within Douglas
County were retrieved from the Colorado Division of Water
Resources well permit database (accessed February 2011).

This dataset contained more than 16,300 records. The list was
then filtered to remove the records for abandoned and non-
completed wells and all wells outside of the RWADC service
area, leaving a dataset of more than 13,800 wells. The dataset
was then filtered again to remove all wells with an incomplete
construction record; this included records that were missing
completion aquifer, well depth, screen interval, or construc-
tion date, and resulted in a dataset of about 7,450 well records.
These remaining wells were then cross referenced with the
USGS groundwater model (Paschke, 2011) to verify the aquifer
of completion. Finally, only wells that showed agreement
between the State database and the USGS model with respect to
aquifer of completion were selected for inclusion in the dataset.
This process resulted in a final dataset of approximately 6,260
domestic wells with about 2,350 in the upper Dawson aquifer,
about 1,670 in the lower Dawson aquifer, about 1,900 in the
Denver aquifer, approximately 240 in the Arapahoe aquifer, and
about 100 in the Laramie-Fox Hills aquifer (fig. 5).

After creation of the database, field visits and solicitation
of volunteers began. In February and March 2011, RWADC
held meetings in each of its five districts to inform local resi-
dents of its role in the community and to increase public aware-
ness. Concerned citizens that attended these meetings were
informed about the monitoring program and asked to volunteer.
More than 50 well owners volunteered to have their wells con-
sidered for the study. From March through June 2011, door-to-
door solicitation was conducted. The primary focus of this task
was to obtain access to wells located in the previously identified
areas of interest or in areas that would provide a more even
spatially-distributed network. While all attempts were made to
select wells that would provide data representative of the aquifer
in a given area, final selection of the wells was mainly driven by
the willingness of residents to participate in the study.

Presently (2014) the network consists of 36 wells: 10 in the
upper Dawson aquifer, 11 in the lower Dawson aquifer, 11 in the
Denver aquifer, 2 in the Arapahoe aquifer, and 2 in the Laramie-
Fox Hills (fig. 2) aquifer. The initial round of water-level
measurements, made between May and June 2011, included
31 wells. An additional four wells were added to the network in
August 2011, and one additional well was added in August 2012.
Pressure transducers were installed in 15 of the wells between
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August 2011 and April 2012 to automatically measure and record
the depth to water at regular time intervals (fig. 2). Six pressure
transducers were installed in August 2011, four in October 2011,
four in December 2011, and one in April 2012.

For quality control purposes, five of the selected wells
(UDAW 2, LDAW 3, LDAW 8§, DENV 10, LARA 2) are
completed in the same aquifer and in close proximity to other
selected wells. These wells were selected to provide additional
water-level measurements that could be used to determine if a
well was representative of the local aquifer system.

GPS Survey

To accurately compare water-level data across the county,
the land surface elevation at each well was determined using a
real-time kinematic (RTK) global positioning system (GPS) fol-
lowing procedures described by Rydlund and Densmore (2012).
The survey was performed with a global navigation satellite
system RTK GPS receiver, radio modem, and a controller with
a vertical and horizontal precision, as rated by the manufacturer,
of plus or minus 0.066 ft and plus or minus 0.033 ft, respec-
tively (Trimble Navigation Limited, 2009). The RTK GPS
setup consisted of a base station, which included a receiver and
radio, and a rover, which consisted of a receiver and controller.
The base station was located at a fixed position and allowed to
collect data for over 2 hours (hr). The rover communicates with
the base station and is used to collect and record individual data
points throughout the study area based on the position of the
base station. Data from the base station collected throughout
the study were submitted to the National Geodetic Survey’s
Online Positioning User Service (OPUS) Web site for process-
ing (http://www.ngs.noaa.gov/OPUS/, accessed June 2013). All
survey data collected by the rover were recomputed to reflect
the OPUS solution correction. All survey data were collected
with a common coordinate system, geoid, ellipsoid, and datum.
The coordinate system used was Universal Transverse Mercator,
zone 12 north, the horizontal datum was the North American
Datum of 1983 (NAD 83), and the vertical datum was the North
American Vertical Datum of 1988 (NAVD 88), Geoid 03, ellip-
soid World Geodetic System 1984 (WGS 84).

At each well, the measuring point (MP) was surveyed and
the elevation of the land surface was calculated by subtracting
the height of the measuring point from the measuring point
elevation. The elevation of the land-surface datum at each well
is given in table 1.

Water-Level Measurements

Water levels, measured as depth to water below land
surface, were routinely measured in all 36 wells in the network
(table 1). The water-level measurements in this report are given
in feet with reference to land-surface datum (LSD). LSD is
a datum plane that is approximately at land surface at each
well. Measurements times in this report are given in reference
to Coordinated Universal Time (UTC), which is synonymous

with the antiquated Greenwich Mean Time. Local time can be
calculated from UTC by subtracting 7 hr for Mountain Standard
Time or by subtracting 6 hr for Mountain Daylight Time.

Manual water-level measurements were made bi-monthly
in all wells in the network between April 2011and June 2013
(fig. 2). In 2011, water levels were made in April, June, August,
October, and December. In 2012, water levels were made in
February, April, June, August, October, and December. In 2013,
water levels were made in February, April, and June. Additional
water-level measurements were recorded in some wells for
various reasons, such as non-static water levels or additional site
visits. Water levels were measured and recorded to within 0.01 ft
by using a calibrated steel tape, whenever possible, following
procedures outlined by Cunningham and Schalk (2011) (with the
exception that a break-away weight was not used because of the
concern the weight could become tangled in the pump wiring).
When conditions such as inclement weather or the presence of
condensation within the well casing prohibited the use of a steel
tape, a calibrated electric tape was used instead. Depth-to-water
measurements were made from the measuring point, typically
the top of the steel surface casing or well cap.

To verify that the water level in the well was under static
conditions, consecutive measur