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Groundwater Quality, Age, and Susceptibility and
Vulnerability to Nitrate Contamination with Linkages to
Land Use and Groundwater Flow, Upper Black Squirrel

Creek Basin, Colorado, 2013

By Tristan P. Wellman and Michael G. Rupert

Abstract

The Upper Black Squirrel Creek Basin is located about
25 kilometers east of Colorado Springs, Colorado. The
primary aquifer is a productive section of unconsolidated
deposits that overlies bedrock units of the Denver Basin and
is a critical resource for local water needs, including irriga-
tion, domestic, and commercial use. The primary aquifer also
serves an important regional role by the export of water to
nearby communities in the Colorado Springs area. Changes in
land use and development over the last decade, which includes
substantial growth of subdivisions in the Upper Black Squirrel
Creek Basin, have led to uncertainty regarding the potential
effects to water quality throughout the basin. In response,
the U.S. Geological Survey, in cooperation with Cherokee
Metropolitan District, El Paso County, Meridian Service
Metropolitan District, Mountain View Electric Association,
Upper Black Squirrel Creek Groundwater Management
District, Woodmen Hills Metropolitan District, Colorado State
Land Board, and Colorado Water Conservation Board, and the
stakeholders represented in the Groundwater Quality Study
Committee of El Paso County conducted an assessment of
groundwater quality and groundwater age with an emphasis on
characterizing nitrate in the groundwater.

Groundwater-quality samples were collected from 50
randomly selected wells between May and June 2013. The
samples were analyzed for major ions, nutrients, dissolved
gases, tritium (*H), chlorofluorocarbons (CFC-11, CFC-12,
and CFC-113), and fuel products (such as benzene, toluene,
ethylbenzene, and xylenes). None of the groundwater samples
exceeded the U.S. Environmental Protection Agency (EPA)
National Primary Drinking Water Regulations for primary
maximum contaminant levels (MCL) for major ions. Sec-
ondary maximum contaminant levels, which are not health
concerns and affect mainly taste, color, or odor of the water,
were observed in rare instances for pH (2 samples), chloride
(1 sample), iron (3 samples), and manganese (8 samples). The
secondary maximum contaminant level for total dissolved
solids was also exceeded for two samples.

Nitrate (nitrite plus nitrate as nitrogen in groundwater)
was elevated above the estimated background concentration
of natural recharge waters of 1 milligram per liter (mg/L) in
44 of the 50 wells sampled and showed a median concentra-
tion of 5.4 mg/L. Nitrate concentrations were above the MCL
of 10 mg/L in 5 of the 50 wells sampled and above half of
the EPA MCL (5 mg/L) in 27 of the 50 wells sampled, which
included samples above the MCL. Dissolved-oxygen concen-
trations exceeded 0.5 mg/L in 95 percent of reported values
(40 of 42 samples) and exceeded 2.0 mg/L in 90 percent of
reported values (38 of 42 samples). The oxidized conditions
observed in most areas indicate that nitrate from fertilizers and
animal or human waste was geochemically stable and could
persist in the groundwater for decades or perhaps longer. A
historical analysis of median nitrate concentrations over nearly
three decades showed an increase in nitrate of approximately
1 mg/L from 4.3 to 5.4 mg/L, although the increase was not
determined to be significantly different using nonparametric
statistical methods.

Major-ion data indicate that groundwater representa-
tive of the primary aquifer was classified as calcium-sodium
bicarbonate type water. Other water samples from wells
located mainly along the periphery of the primary aquifer
had cation-anion compositions consistent with distinct water
sources, including groundwater contributions from the under-
lying bedrock aquifers. The areas with differentiable water
sources were located mainly where alluvial deposits were thin
and geologic contacts to the underlying bedrock aquifers were
relatively shallow.

Nitrate concentrations in the groundwater were evaluated
for relations to land use. An agricultural region was defined
using a sequence of land satellite imagery. Groundwater flow
directions interpreted from median water-table elevations
measured from 2000 to 2013 were used in conjunction with
cropland locations to define the agricultural region boundar-
ies by encompassing potential pathways of nitrate transport in
the groundwater from nitrogen-based fertilizers. A statistically
significant higher median nitrate concentration was observed
for areas inside the agricultural region (6.7 mg/L) compared
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to areas outside the agricultural region (2.3 mg/L), although
median concentrations in both areas were below the MCL

(10 mg/L). Median nitrate concentration was also significantly
greater in land parcels with septic use (4.9 mg/L) compared to
nonseptic parcels (1.7 mg/L). In general, agriculture or septic
use was identified as the primary source of nitrate, depending
on location, while commercial, county, grazing, and residential
land uses were generally secondary sources of nitrate.

Apparent groundwater ages were estimated from chloro-
fluorocarbons (CFC-11, CFC-12, and CFC-113) and tritium
(*H) data using models that assumed piston flow and binary
mixing (dilution of a young component with old, tracer-free
water). The mean and median groundwater ages were about
30 years and the standard deviation was 6 years, indicating
that most groundwater in the primary aquifer was “young”
water that had recharged to the aquifer over the last few
decades (post-1950s). The median fraction of young water was
about 71 percent, and the standard deviation was 29 percent.
The remaining water predated the 1950s, which may have
originated from deeper geologic formations or may represent
slow moving groundwater within the primary aquifer. Some
of the oldest groundwater ages (older than 30 years) were
observed in the upper reaches of the aquifer to the northwest
where the primary aquifer is thin and intersects bedrock, sup-
porting the hypothesis of geochemically distinct groundwater
entering the primary aquifer from below. Groundwater that
had reached the central part of the aquifer from upgradient
areas of the basin was variable in age because of differences
in flow paths and travel velocities. The groundwater age
analysis showed that current (2013) land-use practices could
affect water quality over decades to come, and that responses
to remedial actions could be slow, especially for constituents,
such as nitrate, that are stable under oxidized conditions.

Fuel products (including acetone, benzene, diisopropyl
ether, ethylbenzene, methyl acetate, methyl tertiary butyl ether
(MTBE), methyl tert-pentyl ether, m- + p-xylene, o-xylene,
tert-amyl alcohol, tert-butyl alcohol, tert-butyl ethyl ether,
and toluene) were analyzed in groundwater from 49 of the
50 wells. Water from seven sites had detections for fuel
compounds; all concentrations were below MCL. The results
provided assurance of water quality and a valuable baseline
to evaluate future trends of fuel constituents as the region is
further developed.

Probability maps were developed from logistic regres-
sion models to examine the likelihood that nitrate concentra-
tions in groundwater exceeded specified levels. Susceptibility
analysis examined relations between mid-level (5.0 mg/L)
nitrate concentrations and climatic, hydrologic, and geologic
variables; the significant variables were identified as depth
to groundwater, soil organic matter, and soil water storage
to 25-centimeter (cm) depth. The vulnerability assessments
included natural factors driving susceptibility but also human
factors related to land use and septic use. Vulnerability to low-
level (2.5 mg/L) nitrate was related to depth to groundwater,
septic zoning, and soil organic matter. The results highlighted
that septic zoning affected low-level nitrate concentrations.
Vulnerability to mid-level (5.0 mg/L) nitrate was examined

using all 50 samples and also with two data outliers removed,
which showed relatively high nitrate concentrations but also
anomalous water chemistry or were located beyond the pri-
mary study area. Vulnerability to mid-level (5.0 mg/L) nitrate
using all 50 samples was related to depth to groundwater,
land use, septic use within a 500-meter (m) radius, soil water
storage to a 25-cm depth, soil organic matter, and whether

a location was within the agricultural region. The mid-level
(5.0 mg/L) vulnerability model using 48 samples (two outliers
removed) produced the best overall fit and was related to the
same variables as when using all samples except septic use.
The results for mid-level vulnerability provided additional
support that septic use was associated with low levels of
nitrate in the groundwater. Soil properties and land use were
identified as the main drivers of moderate nitrate concentra-
tions. Probabilities of exceeding low-level nitrate concentra-
tions were high in most areas with the lowest probabilities
usually to the northwest along thin geologic deposits in the
upper part of the basin.

The results of this investigation offer the foundational
information needed for developing best management practices
to mitigate nitrate contamination, basic concepts on water
quality to aid public education, and information to guide
regulatory measures if policy makers determine this is war-
ranted. Science-based decision making will require continued
monitoring and analysis of water quality in the future.

Introduction

The Upper Black Squirrel Creek Basin is located
about 25 kilometers (km) east of Colorado Springs in Water
Division 2, El Paso County, Colorado (fig. 1). The primary
aquifer is composed of permeable unconsolidated deposits
of alluvium and aeolian sediment, and is considered primary
because the majority of groundwater is transported within this
unit (Watts, 1995). The near-surface unconsolidated deposits
are underlain by the Denver Basin bedrock aquifers extend-
ing regionally across the Front Range, which encompasses the
Denver metropolitan area. The Upper Black Squirrel Creek
Ground Water Management District, herein referred to as the
Black Squirrel Management District for brevity, traces the basic
outline of the local basin boundary. All streams in the basin
are ephemeral and provide intermittent sources of water with
most streamflow occurring during periods of spring runoff and
major storms.

Since the late 1800s, the primary aquifer has provided
a valuable source of water used for several purposes, includ-
ing irrigation, domestic, and commercial uses. Water from the
primary aquifer is used locally and exported to suburbs east
of Colorado Springs. Although domestic and industrial water
is exported out of the basin, return water is recharged back to
the aquifer following wastewater treatment. Water used for
irrigation and other agricultural purposes is an important eco-
nomic driver for the region. Agriculture in many areas requires
substantial water and has created clear contrasts to the native
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Figure 1.
Colorado Springs, El Paso County, Colorado.

vegetation (fig. 2). Since the mid-1950s, and because of exten-
sive development, pumping of groundwater from storage in
the aquifer resulted in declines of the water table up to several
meters at some locations by the late 1980s (Buckles and Watts,
1988). Recently, water was over appropriated with water rights
exceeding water supply (Upper Black Squirrel Creek Ground
Water Management District, 2009).

Changes in land use and development over the last
decade, which include substantial growth of subdivisions in
the Upper Black Squirrel Creek Basin, have led to uncertainty
over the potential effects to water quality throughout the basin.
The El Paso County Board of County Commissioners held
work sessions in early 2009 to discuss potential changes to the
El Paso County Land Development Code, which led to adop-
tion by the Board of Resolution Number 09-202 and interest
to conduct a groundwater contamination study. The board then
established the Groundwater Quality Study Committee, and
work commenced during mid-2009. The first phase (Phase I)
of the study, completed in April 2011, was a summary of the
available data and literature search of studies completed in the
basin (Topper and Horn, 2011). Earlier work by Topper (2008)
was scoped to investigate the potential to use alluvial storage
capacity as a tool for future storage and augmentation of exist-
ing groundwater resources. Quantification of alluvial storage
capacity was a critical aspect of the Topper scope of work for
the stakeholders at that time, and it followed the 2006 SB-193
Study (Underground Water Storage Study SB06-193), which
identified potential alluvial storage areas including Upper
Black Squirrel Creek Basin. For the current Phase II study, the
U.S. Geological Survey (USGS) provided technical assistance
for the Groundwater Quality Study Committee to examine
groundwater quality in the aquifer. The USGS, in cooperation

Purpose and Scope 3
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Site location is the primary aquifer of the Black Squirrel Management District in Water Division 2 about 25 kilometers east of

with committee representatives from Cherokee Metropolitan
District, El Paso County, Meridian Service Metropolitan
District, Mountain View Electric Association, Upper Black
Squirrel Creek Groundwater Management District, Woodmen
Hills Metropolitan District, Colorado State Land Board, and
Colorado Water Conservation Board, and the stakeholders
represented in the Groundwater Quality Study Committee of
El Paso County conducted a study in 2013 to evaluate several
components of groundwater quality. The analyses included
evaluations of groundwater quality including major ions, nutri-
ents, and fuel products, groundwater age dating using chloro-
fluorocarbons and tritium, assessments of susceptibility and
vulnerability to nitrate (NO,, defined as nitrite plus nitrate as
nitrogen [NO;, + NO;, — N] in this report) contamination, and
analyses of land-use effects and groundwater flow on nitrate
distribution within the primary aquifer.

Purpose and Scope

The purpose of this report is to examine groundwater
quality in the Upper Black Squirrel Creek Basin using ground-
water samples collected from 50 wells in May and June 2013,
and includes an evaluation of nutrients, fuel products, ground-
water age, aquifer susceptibility and vulnerability to nitrate,
and linkages between nitrate concentrations and land use,
groundwater flow, and other site characteristics of the primary
aquifer. The results can be used by governing authorities to
improve decision making, enhance public education of local
groundwater and drinking-water supplies, and guide long-term
water-resource protection and management.
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Figure 2.

Description of Study Area

The study area for this investigation is the primary aqui-
fer of the Upper Black Squirrel Creek Basin, located about
25 km east of Colorado Springs (fig. 1). The primary aquifer
extends about 435 square kilometers (km?) and is bounded by
the Black Squirrel Management District that follows the local
basin boundary over about 900 km?. The boundary of the pri-
mary aquifer and approximate aquifer thickness were mapped
by Topper (2008), who evaluated the hydrogeology of the
primary aquifer to assess the potential for aquifer recharge
and groundwater storage.

Land Use

The principal land-use type in the study area is grazing
land. Urban and residential land was historically a secondary
land use but has been on the increase in the region, particularly
in the northwest part of the study area. Ranching and farming
in the area date back to the 19th century. Between 1920 and
1940, several irrigation wells were drilled to meet the water
needs from agriculture (Buckles and Watts, 1988). During the
1950s, acreage of irrigated cropland increased rapidly and
many additional irrigation wells were drilled to accommodate
increased water demands. Historically, some crops such as
field corn have also been grown successfully without direct
irrigation using dryland-farming methods. Turf grass for sod
has also been introduced in the region.

Land use was defined by El Paso County using classifica-
tions given to tax assessor parcels (Ross A. Williams, El Paso
County Information Technologies, written communication,

Large agricultural pivot on irrigated land surrounded by senescent (dry) native grassland.

2014). Following discussions with El Paso County authorities, a
simplified classification scheme of land use was adopted. Land-
use types were partitioned into major categories and resolved
in terms of percent by area; 62 percent grazing land, 26 percent
residential (1 percent for lots less than 2.5 acres, 4 percent for
lots between 2.5 and 5 acres, and 21 percent for lots larger than
5 acres), 8 percent county land that includes vacant land, 3 per-
cent irrigated crops (agricultural and turf farms), and 1 percent
commercial land (fig. 3). Most land-use types were distributed
throughout the aquifer often in clustered areas, although graz-
ing land was generally disperse (fig. 4). Irrigated land parcels
were located mainly along a north-south transect in the central
to eastern parts of the study area. Elsewhere irrigated land
parcels were distributed intermittently; perhaps most notable

is a turf farm on the western side of the study area (fig. 4, near
sampling well 21 about 5 km southeast of Falcon). Clusters of
small land parcels were located around the town of Falcon and
to a lesser degree near the towns of Peyton and Ellicott, as well
as other areas across the study area. Septic systems have been
used extensively in inhabited areas and were authorized through
permitting on land parcels (fig. 5).

Climate

The climate of the study area is semiarid. Over 2000-2013,
mean monthly air temperature recorded at the Colorado Springs
Airport ranged from 18 to 44 degrees Fahrenheit (°F) in January
and from 58 to 87 °F in July (https://www.ncdc.noaa.gov/,
accessed January 12, 2015). Estimates of average precipitation
across the study area were developed by the PRISM Climate
Group (PRISM Climate Group, 2012) using the Parameter-
elevation Regressions on Independent Slopes Model (PRISM)


https://www.ncdc.noaa.gov/
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Figure 3. Classifications of land use and associated percent
by area, Upper Black Squirrel Creek Basin, El Paso County,
Colorado (http://adm.elpasoco.com/InformationTechnologies/
GeographiclnformationSystems).

on 30-year normals from 1981 to 2010 over a grid scale of

800 m. PRISM incorporated climatic point data and a digi-

tal elevation model (DEM) to generate gridded estimates of
climatic parameters (fig. 6). Mean annual precipitation ranged
from about 37 to 45 centimeters per year (cm/yr) in the southern
part of the study area to about 55 cm/yr in the northern part of
the study area. Precipitation generally decreased in a general
northwest to southeast direction from higher to lower eleva-
tions, which is typical of topographic controls in mountainous
environments in Colorado.

Geology

Consolidated geologic deposits of the Upper Black
Squirrel Creek Basin in ascending stratigraphic order include
the Cretaceous Pierre Shale, Fox Hills Sandstone, Laramie,
and Arapahoe Formations, Cretaceous and Tertiary Denver
Formation, and the Dawson Arkose, all of which are important
aquifers (Buckles and Watts, 1988). The main water-bearing
formations (Fox Hills Sandstone, Laramie, Arapahoe, Denver
Formations, and Dawson Arkose) generally dip to the north at
angles of 10 degrees or less. Maximum combined thickness of
these formations is about 520 m at the northern boundary of
the primary aquifer (Watts, 1995).

Unconsolidated alluvium and acolian deposits of
Quaternary age overlie the slightly dipping sedimentary rocks
of Tertiary and Cretaceous age in the Upper Black Squirrel
Creek Basin (Banta, 1989). The unconsolidated Quaternary
deposits are the primary source of groundwater pumped by
irrigation, municipal, and domestic wells in the study area.
They consist of modern flood-plain alluvium and Piney Creek
alluvium along stream channels; reworked aeolian deposits of
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sand, silt, and loess; and older valley-fill alluvium. Flood-plain
alluvium along stream channels consists of less than 4.5 m

of poorly sorted clay, silt, sand, and gravel. The Piney Creek
alluvium of Holocene age ranges in thickness up to 4.5 m and
consists of clayey and sandy silt and silty sand. In some areas,
the Piney Creek alluvium overlies acolian deposits and, in
other areas, overlies valley-fill alluvium. The aeolian deposits
of Holocene age range in thickness up to 12 m and consist of
fine to very coarse grained sand (Soister, 1968). The valley-fill
alluvium of Pleistocene age ranges in thickness up to about

60 m and consists of sand and gravel. The consolidated water-
bearing siltstones, sandstones, and conglomerates, which
intersect the unconsolidated Quaternary deposits and overlie
the Pierre Shale, are secondary sources of groundwater in the
study area (Watts, 1995).

Quaternary surface geology was mapped by Scott (1974)
and Tweto (1979) and later digitized from the original scribe
sheets by Topper (2008) and Green (1992), respectively (figs. 7
and 8). The geologic deposits are generally elongate in shape,
often following creek drainages, and trend in a north-south to
northwest-southeast direction. Geologic classifications were
combined into a common naming convention for direct compar-
ison. Classifications were defined as: (1) modern flood plain or
Piney Creek deposits, (2) aeolian deposits, or (3) intermediate to
late alluvium (Louviers Alluvium, Slocum Alluvium, or Rocky
Flats Alluvium). Geologic interpretations by each author were
generally similar. Most notably, Scott (1974) mapped the region
in greater detail and identified a broader extent of the modern
flood plain and Piney Creek deposits along several of the stream
channels. Additional differences occurred beyond the study
area, but were not part of the current investigation. Intermedi-
ate alluvium and aeolian deposits compose the majority of the
primary aquifer. Modern flood plain or Piney Creek deposits
were deposited mainly along the stream channels and near the
northwest aquifer boundary.

Soils distributed over geologic deposits were mapped by
the Natural Resources Conservation Service (Natural Resources
Conservation Service, variously dated) at about a 1:24,000 scale
(figs. 9—14). Soil Survey Geographic database (SSURGO) refers
to digital soils data produced and distributed by the Natural
Resources Conservation Service (NRCS). The fundamental
graphic feature in SSURGO is the map unit. Most SSURGO
map units are represented as a single soil type for a given classi-
fication, but in some cases up to three soil types are represented
in each map unit. Each soil type can have up to six layers (soil
horizons), so an average attribute value was computed for each
map unit where applicable. Weighted-average values associ-
ated to the soil types were computed by weighting each horizon
value according to thickness and percent composition in the
map unit (Wieczorek, 2014). A primary classification in soil tax-
onomy is soil order, which distinguishes major soil properties
(Natural Resources Conservation Service, 2014). Soil orders
can be further partitioned into lower-tier soil groups, families,
and series, respectively, which introduce additional elements
based on climate, environment, and local conditions (Natural
Resources Conservation Service, 2014).
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Figure 4. Land use in the Upper Black Squirrel Creek Basin, El Paso County, Colorado (Assessor Office, El Paso County, Colorado,
(http://adm.elpasoco.com/InformationTechnologies/GeographicInformationSystems).
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Figure 6. Average yearly precipitation from Parameter-Elevation Regressions on Independent Slopes Model (PRISM) 30-year normals
from 1981 to 2010, Upper Black Squirrel Creek Basin, El Paso County, Colorado.
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Figure 7. Unconsolidated Quaternary deposits within the primary aquifer from Tweto (1979), Upper Black Squirrel Creek Basin, El Paso
County, Colorado.
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Figure 8. Unconsolidated Quaternary deposits within the primary aquifer from Scott (1974), Upper Black Squirrel Creek Basin, El Paso
County, Colorado.
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Figure 9. Soil taxonomy (order) overlying the primary aquifer, Upper Black Squirrel Creek Basin, Colorado. Natural Resources Conservation
Service (2014).
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Figure 10. Soil organic matter overlying the primary aquifer, Upper Black Squirrel Creek Basin, Colorado. Natural Resources Conservation
Service (2014).
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Figure 11.  Soil porosity overlying the primary aquifer, Upper Black Squirrel Creek Basin, Colorado. Natural Resources Conservation
Service (2014).
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Figure 12. Soil clay content overlying the primary aquifer, Upper Black Squirrel Creek Basin, Colorado. Natural Resources Conservation
Service (2014).
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Figure 13. Soil drainage classification overlying the primary aquifer, Upper Black Squirrel Creek Basin, Colorado. Natural Resources
Conservation Service (2014).
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Figure 14. Soil saturated hydraulic conductivity overlying the primary aquifer, Upper Black Squirrel Creek Basin, Colorado. Natural
Resources Conservation Service (2014).



Soils can have a major effect on the rate and characteris-
tic conditions that control how chemical constituents reach the
underlying aquifer. As a general overview, major soil orders
overlying the primary aquifer are alfisols, aridisols, enti-
sols, and mollisols (fig. 9). The main soil order is a mollisol,
which form in semiarid to semihumid areas, typically under a
grassland cover, and are characterized by a thick, dark surface
horizon with organic materials derived from plant roots (Soil
Survey Staff, 1999). The second most abundant soil is an
entisol, which has no diagnostic horizons and is generally
unaltered parent material, such as unconsolidated sediment
or rock. Remaining soils (aridisols and alfisols) are minor in
spatial distribution and occur mainly to the south and in small
isolated areas to the north. Aridisols are desert soils that have
low organic content and are often sparsely vegetated. Alfisols
can form under grassland and prairie vegetation and usually
possess higher levels of organic matter than either aridisols
or entisols. Variations in average organic matter are related to
soil order with values ranging up to greater than 1 percent by
weight (fig. 10). Soil organic matter is highest in the mollisol
soil in the western half of the study area, and is concentrated
along stream channels trending in a northwest-southeast
direction (fig. 10). Soil porosity ranges from 10 to greater
than 40 percent (fig. 11). Areas with highest soil porosity
are concentrated in the central part of the study area and to a
lesser degree along stream channels to the northwest. Soil clay
content is an important factor controlling infiltration, com-
monly ranging from a few percent to more than 20 percent by
weight (fig. 12). Soils can possess greater porosity because of
greater clay content, but also have lower permeability to water
movement under saturated conditions. Areas with moderate
to high clay content are typically located in the central part of
the study area, while areas with the highest clay components
are usually located within 1 km of stream channels. The soil
is classified as generally well drained to excessively drained
(fig. 13), although wetlands are present in small isolated areas.
The majority of excessively drained soils reside in the south-
ern part of the study area with somewhat excessively drained
soils trending along a northwest-southeast direction, mainly
near stream channels to the west. Saturated infiltration rates
for downward movement of water are a function of saturated
hydraulic conductivity of the soil. Areas with highest satu-
rated hydraulic conductivity are located along the northwest
tip of the study area (fig. 14). High conductivity soils have
the potential for enhanced recharge during periods of heavy
precipitation. Available water storage is a measure of the
potential pore water within the soil that may be used by plants.
Available water storage is related to the amount of in situ pore
water that could interact with constituents introduced at or
near the land surface. In the upper 0-25-cm soil depth, avail-
able water storage measured in centimeters of water ranges up
to 4.6 cm, which constitutes up to 20 percent of the soil pore
volume (fig. 15). Areas with moderate to high available water
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storage occur in pockets mainly along the eastern flank of the
study area and in isolated areas to the north and west. In all,
several variables control the amount of water capable of being
retained in the soil.

Hydrology

Black Squirrel Creek is ephemeral and a tributary to
Chico Creek located south of the study area. Chico Creek
is tributary to the Arkansas River (fig. 1). Streambeds are
composed primarily of sand, which allows for rapid infiltration
of water. Dry conditions persist during most times of the year.
Focused runoff generally infiltrates into the sandy streambeds
and directly recharges the primary aquifer. Occasionally, after
intense precipitation, the available water exceeds infiltra-
tion capacity and surface water is discharged from the study
area. Infiltration of precipitation and surface water is the main
source of recharge to the groundwater and represents about
93 percent of total recharge (Watts, 1995).

The boundary of the primary aquifer of the Upper
Black Squirrel Creek Basin (fig. 1, Primary aquifer bound-
ary) was determined from the geographic extent of saturated
unconsolidated alluvial and aeolian deposits (Topper and
Horn, 2011) (fig. 16). Thicknesses of the unconsolidated
deposits range from a few meters along the aquifer perimeter,
particularly in the northern areas, to substantially thicker sec-
tions in the central part of the aquifer oriented in a north-south
direction; the thickest sections are an estimated 66 m in the
study area.

Regional groundwater flow is topographically controlled
moving from high to low elevations, but is locally variable.
Natural recharge is from deep percolation of precipitation
and infiltration of streamflow. Return flow discharged to the
aquifer comes from irrigation water in the central part of the
aquifer and from treated wastewater at the southern end of the
Upper Black Squirrel Management District. Estimated rates
of recharge vary between 0 and 20 cm/yr; rates are typically
larger in the northern part of the study area than in the south-
ern part (Watts, 1995). Discharge from the aquifer occurs from
evapotranspiration and groundwater outflow. In the northern
part of the study area there is surface runoff from upland areas
and upward flow from the underlying bedrock aquifers into
the primary aquifer may occur at some locations. Upward flow
from the bedrock aquifers was estimated at about 7 percent of
total recharge (Watts, 1995). In contrast, in the southern part
of the study area, infiltration of surface runoff is infrequent
and downward movement of groundwater to the underlying
geologic formations is possible (Watts, 1995).

The primary aquifer serves an important role in local
and regional water use. Pumping from wells for domestic,
stock, agricultural, and municipal use is administered by
Colorado Division of Water Resources. Water reserved for
municipal use is exported west of the basin to Colorado
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Figure 15. Soil available water storage to 25-centimeter depth overlying the primary aquifer, Upper Black Squirrel Creek Basin, Colorado.
Natural Resources Conservation Service (2014).
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Figure 16. Estimated thicknesses of unconsolidated deposits of the primary aquifer from Topper and Horn (2011), Upper Black Squirrel

Creek Basin, Colorado.
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Springs. The remaining water serves locations within the
basin. Yields from wells generally ranged from about 10 gal-
lons per minute (gal/min) for stock and domestic wells to
1,500 gal/min for irrigation and municipal wells (Buckles and
Watts, 1988).

Prior to the 1950s, more areas of the aquifer had shallow
groundwater in comparison to later decades. Prior to develop-
ment and extensive use of irrigation wells in the area during
the 1950s and 1960s, saturated thicknesses of the unconsoli-
dated deposits were more than 35 m (McGovern and Jenkins,
1966; Bingham and Klein, 1974). By the mid-1980s, saturated
thicknesses of the unconsolidated deposits had declined; thick-
nesses were more than 35 m in only one area near the southern
boundary of the study area (Buckles and Watts, 1988). As
water-table elevations declined the spatial footprint of the
aquifer decreased, particularly in thinly saturated areas (Watts,
1995). Lowered water-table elevations have caused wells near
the boundaries of the aquifer to run dry. Areas with shallow
groundwater are beneficial in providing a suitable environ-
ment for vegetation that is limited by short rooting depths or
large water requirements. In areas where pumping has caused
the water table to decline more than 3 m below land surface,
evapotranspiration through the soil, native vegetation, and
invasive phreatophytes has decreased, substantially alter-
ing the local hydroecologic cycle (McGovern and Jenkins,
1966). Moreover, because the alluvial and underlying bedrock
aquifers are thought to be hydraulically connected, develop-
ment of the underlying bedrock aquifers could have an adverse
effect on water supplies in the primary aquifer (Buckles and
Watts, 1988; Watts, 1995).

Methods of Investigation

Groundwater samples collected from 50 wells were
analyzed for field characteristics, major ions, nutrients, tri-
tium, chlorofluorocarbons (CFCs), dissolved gases, and fuel
products. A total of 42 existing wells completed in the primary
aquifer were selected for geochemical sampling. Given restric-
tions in site accessibility and limited well coverage, 8 new
monitoring wells were installed to fill data gaps. Installation
of the 8 monitoring wells was managed by the Groundwater
Quality Study Committee of El Paso County. Drilling of the
monitoring wells was performed by a private contract driller.
USGS requested that the drillers develop the wells according
to USGS standards but did not have authoritative control over
the drilling component of the project.

Several analyses were conducted to characterize ground-
water quality and effects to groundwater quality. Areas where
agriculture may have affected groundwater quality were
determined using remote sensing imagery, groundwater levels,
and groundwater flow directions. Major ion data were used
to characterize the geochemical conditions of groundwater
and differentiate water types. Analysis of nutrient data was
aimed on nitrate; a main constituent of interest in the study

area. Several baseline calculations were performed to identify
factors controlling nitrate levels and to interpret mechanisms
controlling nitrate variability in the primary aquifer. Tritium,
CFC, and dissolved gas data were analyzed to determine
groundwater ages and differentiate sources of recharge to

the primary aquifer. Fuel component data (including acetone,
benzene, diisopropyl ether, ethylbenzene, methyl acetate,
methyl tertiary butyl ether (MTBE), methyl tert-pentyl ether,
m- + p-xylene, o-xylene, tert-amyl alcohol, tert-butyl alcohol,
tert-butyl ethyl ether, and toluene) established concentrations
of fuel-related byproducts as a baseline before substantial oil
and gas exploration activities begin. In the final stage of analy-
ses, aquifer susceptibility and aquifer vulnerability to nitrate
in groundwater were examined using probability maps derived
from logistic regression.

Groundwater-Level Analyses

Historical depths to groundwater were evaluated using
observations from 172 wells screened in the primary aqui-
fer (Appendix 1, tables 1-1 to 1-4; USGS National Water
Information System [NWIS], http://dx.doi.org/10.5066/
F7P55KIN). Average and median depths to groundwater from
land surface were determined from 1975 to 2015. The irregu-
lar data coverage prevented a direct evaluation of depth to
groundwater across the aquifer using consistently measured
sites. As an approximation, depths to groundwater were evalu-
ated over 5-year periods. Over the four decades of record,
only 12 wells in the central part of the aquifer had at least one
measured groundwater level per 5-year period examined. The
S-year periods were based on water years; a water year is the
12-month period October 1 through September 30 designated
by the calendar year in which it ends. Where applicable,
S-year periods (1975, 1980, 1985, 1990, 1995, 2000, 2005,
and 2010) represented 2.5 years prior to and following the
label year, while 2015 represented only prior data.

Median water-table elevations and groundwater
flow directions in the primary aquifer were determined in
ArcGIS using observations from 83 wells recorded during
2000-2013 (Appendix 1, tables 1-5 to 1-6; USGS NWIS,
http://dx.doi.org/10.5066/F7P55KJN). The period of 2000—13
was chosen because depth to groundwater declined relatively
little since about 2000 when averaged over 5-year periods
and because the terminal year, 2013, corresponded to this
investigation. Cokriging was used to interpolate depth to
groundwater with two secondary variables—aquifer thick-
ness and distance to streams. Water-table elevations were
determined using land surface elevation and subtracting the
depth to water estimates at each raster grid cell. All wells
were considered water-table wells because the primary
aquifer is unconfined (Watts, 1995). Raster cells resistant to
interpolation along small portions of the study area bound-
ary, particularly in the northern section with thin sediment
deposits were assigned a depth to groundwater of 1 m. A
spline with barriers interpolation was used as a polishing step
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for the contouring by resampling the kriging estimates so that
water-table contours were approximately perpendicular to the
irregular aquifer boundaries. Local groundwater flow direc-
tions were approximated at select sample locations using the
raster-based flow direction tool in ArcGIS (accessed Novem-
ber 13, 2014, at http://webhelp.esri.com/arcgisdesktop/9.2/
index.cfm?TopicName=flow_direction). The tool evaluated
differences in water-table elevations over the eight surround-
ing raster grid cells to determine flow directions to the nearest
45 degrees using a grid resolution of 250 m (1 of 8 flow direc-
tions in 360 degrees). The results provide a coarse representa-
tion of groundwater flow directions useful in understanding
the basic linkages between flow patterns and groundwater
quality and groundwater age. A groundwater model would be
a logical next step to characterize aquifer dynamics and spatial
variability of water-table elevations in greater detail.

An agricultural region was determined from crop areas
identified from land satellite imagery registered for 1999,
2006, and 2014 in Google Earth. Crop areas identified primar-
ily from irrigation pivots were visually inspected based on the
resolution of the patterns. Crops clearly visible in the 2014
Landsat image were given a “recent” classification. Remain-
ing crops identified in the 1999 or 2006 Landsat images were
given either a “primary historic” classification if clearly vis-
ible or a “secondary historic” classification if crop patterns
were muted. Although classifications were useful to examine
variations in crop locations through time, all crop areas were
used without preference when defining the agricultural region
given the subjectivity of the rating. “Farmland” was defined
as regions where 500 m buffers were placed around the crop
fields to account for spatial uncertainty and local mixing of
groundwater. To define the agricultural region, region bound-
aries were first traced around farmland (buffered crop areas).
Straight line connections between farmland were manually
located using water-table elevations and groundwater flow
paths as guides. This procedure was used to approximate the
spatial extent of an agricultural region where nitrogen from
fertilizers may have reached the water table and was trans-
ported through the aquifer. The defined agricultural region
encompassed the majority of parcels currently (2013-2014)
identified as irrigated parcels by El Paso County or land once
used for agriculture.

Groundwater-Quality Sampling

Sampling sites were selected using a stratified random
sampling within cells technique (Scott, 1990). The random
sampling within cells program first defined a population of
potential sites in the study area that were equally spaced about
1,600 m apart. The random sampling within cells program
divided the area within the primary aquifer boundary into 55
equal-area polygons independent of land use. Field person-
nel then located existing wells within a 1,600 m radius of the
randomly selected primary sites. If a well was not located near
the primary site, then wells were located at an alternate site.
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Selection criteria included ensuring that each well could be
sampled upstream from any water treatment devices such as
water filters or chlorinators. A total of 42 existing wells were
located and accessible for sampling. An additional 8 monitor-
ing wells were installed by contract drillers during April and
May 2013 to fill existing data gaps, which completed the set
of 50 wells (fig. 17). The set of 50 wells is used for public
supply, domestic use, stock supply, monitoring, and irrigation,
and may serve multiple purposes. Site information for the 50
sampled wells is provided in table 1. The distribution of wells
was statistically representative of the primary aquifer when
considering areal proportions; however, all land use types,
most notably small areas of residential lots under 2.5 acres and
commercial land, were under sampled by random selection. At
each sample location, vertical variations in water quality were
not determined; although, it is known the groundwater will

be mixed in many locations from pumping of public supply,
domestic, and irrigation wells. Moreover, some of the pumped
groundwater used near the land surface for agricultural or
human needs eventually returns to the aquifer as recharge
causing additional recirculation of water by human activities.

Groundwater-quality samples were collected once from
all 50 sites during May and June, 2013 (fig. 18). Samples were
collected using procedures described by the USGS National
Field Manual (U.S. Geological Survey, variously dated),
and the USGS Chlorofluorocarbon Laboratory, Reston, Va.
(U.S. Geological Survey, 2007). Water was pumped from
domestic and municipal wells using existing pumps, and
samples were collected between the wellhead and any pressure
tanks, filtering, or treatment devices. Water was pumped from
monitoring wells with a submersible electric pump constructed
of stainless steel and Teflon. Water samples were processed
onsite in a mobile laboratory by using methods designed to
minimize changes to the water-sample chemistry. Prior to sam-
ple collection, stagnant water was flushed by purging at least
three casing volumes from the well. Specific conductance, pH,
water temperature, and dissolved oxygen were measured while
purging until readings were stable according to the USGS
National Field Manual (3 consecutive readings, 5 minutes
apart). Once readings stabilized, water samples were collected
in precleaned bottles within an enclosed chamber to pre-
vent sample contamination. To prevent degradation of water
samples and maintain the initial concentration of constituents
between the time of sample collection and laboratory analy-
ses, bottles were preserved according to the requirements of
the laboratories. Preservation practices differ among analytes
and may include chilling, filtration (0.45 micrometer) and
chemical treatment (U.S. Geological Survey, variously dated).
Sampling equipment was cleaned following the collection of
samples using procedures listed in the USGS National Field
Manual (U.S. Geological Survey, variously dated).

The collected water samples were analyzed for major
ions, nutrients, fuel products, dissolved gases, CFCs, and
tritium (tables 2—4). Samples for alkalinity were analyzed
in the field by using procedures listed in the USGS National
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Figure 17.

Field Manual (U.S. Geological Survey, variously dated).
Samples for major ions, nutrients, and fuel products (includ-
ing acetone, benzene, diisopropyl ether, ethylbenzene, methyl
acetate, methyl tertiary butyl ether (MTBE), methyl tert-pentyl
ether, m- + p-xylene, o-xylene, tert-amyl alcohol, tert-butyl
alcohol, tert-butyl ethyl ether, and toluene) were sampled in
groundwater from 49 of the 50 wells and analyzed by the
USGS National Water Quality Laboratory in Lakewood, Colo.
(Fishman, 1993; Fishman and Friedman, 1989) (table 2).
Samples for fuel products could not be collected from well 38
during the time of sampling. Tritium levels (activities) were
measured at the USGS Tritium Laboratory in Menlo Park,
Calif. (table 3). Samples for CFCs and dissolved gases were
analyzed by the USGS Chlorofluorocarbon Laboratory in
Reston, Va. (Plummer and Busenberg, 1999; U.S. Geological
Survey, 2007) (tables 3 and 4).

Quality Assurance and Quality Control

Replicate samples, equipment blanks, and trip blanks
were collected during the investigation as a component of
water-quality sampling to evaluate sample variability and to
identify potential contamination (tables 5 and 6). Equipment
blanks and trip blanks were collected in a directed manner
to determine if decontamination of the sampling equipment
between sites was adequate and if sample contamination

Installation of a monitoring well, Upper Black Squirrel Creek Basin, Colorado.

occurred during sample collection, transport, and analysis
(table 5). All blank samples were collected using blank water
prepared at the USGS National Water-Quality Laboratory that
is certified to be free of environmental sample analytes above
their reporting levels. Trip blanks were processed using the
same procedures and equipment as the environmental samples.
Equipment blanks were analyzed for major ions and nutrients.
It is not possible to prepare meaningful blank solutions for
tritium, dissolved gases, and CFCs, so no blanks for these
constituents were collected. Replicate samples were collected
at a rate of approximately 1 of every 10 (10 percent) environ-
mental samples collected (table 6). Replicate samples were
collected to assess variability caused by the collection and
analyses of samples (table 6). All replicates were sequential;
the replicate sample was collected after the environmental
sample and analyzed using the same method. Replicate analy-
ses were performed for major ions, nutrients, and fuel prod-
ucts. The relative percent difference (RPD) in concentrations
between environmental and replicate analyses was compared
using the difference between concentrations divided by their
average, expressed as a percentage of average. Replicate
samples for dissolved gases were collected at each site as part
of standard sample collection, so additional dissolved gas
replicate samples were not collected. Five replicate samples
for CFC determination were collected at each site as part of
standard sample collection.



Table 1.

[--, no record; NAD 83, North American Datum in 1983]
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Selected well identification, coordinate location, depth, and type, depth to groundwater, and land use, Upper Black Squirrel
primary aquifer, El Paso County, Colorado, 2013.

U.S. Geological . . Well Depth to
Local . Latitude, Longitude, . . .
. e Survey station . R . . Coordinate  or hole ground- Primary Auxillary
identification . e . in decimal in decimal Land use
identification datum depth, water, well type well type
number degrees degrees . .
number in meters __in meters
1 390134104290201  39.02601389  —104.483825 NAD 83 7.7 3.9 Monitoring - County land
2 390116104225701  39.02125 —104.3825611 NAD 83 54.6 123.2 Domestic -- Residential 2.5
to 5.0 acres
3 390104104335901  39.01788889  —104.56645 NAD 83 7.7 1.2 Monitoring - County land
4 390058104301101  39.01601944  —104.5029639 NAD 83 9.6 2.7 Monitoring - County land
5 385917104285301  38.98796944  —104.4813306 NAD 83 29.0 4.0 Domestic -- Grazing land
6 385858104231001  38.98285 —104.3860806 NAD 83 36.0 1.1 Public supply -- Grazing land
7 385848104230801 38.9796 —104.3855194 NAD 83 384 274 Irrigation Public Grazing land
supply
8 385727104225101  38.95631184  —104.38201 NAD 83 17.4 15.5 Irrigation Domestic  Irrigated land
9 385712104260201  38.95321944  —104.4340306 NAD 83 10.8 13.6 Monitoring -- Grazing land
10 385658104233501  38.94943707  —104.3935769 NAD 83 31.7 37.9 Irrigation Domestic  Residential over
5 acres
11 385630104343901 38.9415611 —104.5774806 NAD 83 7.7 0.9 Monitoring -- County land
12 385613104362801 38.93703056  —104.6079306 NAD 83 7.7 1.6 Monitoring -- County land
13 385608104233702  38.9350429 —104.395588 NAD 83 48.5 220.5 Public supply -- Grazing land
14 385558104363201  38.93263889  —104.6090194 NAD 83 15.2 35.5 Public supply -- Commercial
15 385546104232201 38.92931944  -104.3893694 NAD 83 52.1 130.4 Domestic -- Residential over
5 acres
16 385530104270601  38.9250111 —104.4517306 NAD 83 10.7 3.6 Monitoring -- Grazing land
17 385515104290201  38.92078889  —104.48375 NAD 83 27.4 33.6 Domestic -- Grazing land
18 385458104210101 3891618889  —104.3502694 NAD 83 21.5 15.7 Monitoring -- Grazing land
19 385439104263501 389109111 —104.44305 NAD 83 12.2 142 Monitoring -- Grazing land
20 385424104254001  38.90666038  —104.4282997 NAD 83 27.4 2.7 Domestic - Grazing land
21 385354104323901 38.8984611 —104.54425 NAD 83 25.8 4.2 Irrigation - Irrigated land
22 385354104225701  38.8983268 —104.3830207 NAD 83 59.7 2342 Public supply - Grazing land
23 385323104224001  38.8897158 —104.3782983 NAD 83 53.6 330.4 Public supply -- Grazing land
24 385254104231801 38.88181944  —104.3883 NAD 83 31.1 3232 Domestic -- Residential over
5 acres
25 385250104255401 38.88054978  —104.4321886 NAD 83 27.4 19.9 Domestic - Grazing land
26 385246104262201  38.8795 —104.4394806 NAD 83 335 '16.6 Domestic -- Grazing land
27 385229104223601 38.87507718  —104.3783204 NAD 83 51.8 231.0 Public supply -- Grazing land
28 385227104231402 38.87418056  —104.3873694 NAD 83 21.4 13.7 Stock Monitoring  Grazing land
29 385209104252001 38.86911944  -104.4222194 NAD 83 29.6 '10.3 Domestic -- Residential over
5 acres
30 385204104214801 38.8678111 —104.3633306 NAD 83 30.8 2.7 Domestic -- Grazing land
31 385202104203201  38.86723889  —104.3421806 NAD 83 12.8 19.7 Stock Monitoring  Grazing land
32 385159104310201  38.86643889  —104.5172194 NAD 83 29.0 ’10.3 Domestic -- Residential 2.5
to 5.0 acres
33 385148104233101  38.8633611 -104.392 NAD 83 379 '16.6 Domestic -- Grazing land
34 385136104303801  38.8601646 —104.5114044 NAD 83 27.4 14.2 Domestic -- Grazing land
35 385111104214401  38.85304967  —104.362742 NAD 83 384 243 Public supply -- Grazing land
36 385004104242901  38.83458056  —104.4079333 NAD 83 39.2 335.1 Domestic -- Grazing land
37 384936104231401 38.82666148  —104.3877426 NAD 83 50.9 330.5 Domestic - County land
38 384913104214901  38.8202725 —104.3641308 NAD 83 36.6 320.8 Irrigation - Irrigated land
39 384834104215704 38.80926667  —104.3665333 NAD 83 36.6 4.5 Public supply - Grazing land
40 384823104224001 38.8064 —104.3777194 NAD 83 472 128.7 Domestic - Residential 2.5
to 5.0 acres
41 384648104240401  38.77995 —104.4011194 NAD 83 57.9 315.8 Domestic - Residential over
5 acres
42 384628104213601  38.77458056  —104.3601194 NAD 83 28.2 322.0 Stock -- Grazing land
43 384547104232601  38.76305156  —104.3910756 NAD 83 48.2 327.0 Public supply - Grazing land
44 384544104222001  38.7621111 —104.3723694 NAD 83 26.5 2.8 Stock Monitoring  Grazing land
45 384506104235001 38.75163889  —104.3973611 NAD 83 49.7 322.3 Public supply - Grazing land
46 384348104232201 38.7301111 —104.3908333 NAD 83 18.3 211.7 Irrigation - County land
47 384345104241401  38.72906318  —104.4042705 NAD 83 46.3 3331 Public supply -- Irrigated land
48 384333104241301  38.72583056  —104.4035389 NAD 83 44.5 331.6 Irrigation -- Irrigated land
49 384230104241401 38.7083111 —104.4039194 NAD 83 344 323.5 Public supply -- Grazing land
50 384139104244501  38.69411667  —104.4125333 NAD 83 344 323.0 Public supply -- Grazing land

'Depth to groundwater measured during present study from May to June 2013.

“Depth to groundwater estimated using median depth to water collected between water years 2000-2013.

*Depth to groundwater estimated using interpolation of median depth to water in study area.
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Nitrate Analyses

Historical nitrate concentrations in the primary aquifer
were evaluated over nearly three decades from 1985 to 2013.
The dataset consisted of 86 wells screened in the primary
aquifer (Appendix 1, tables 1-7 to 1-8; USGS NWIS,
http://dx.doi.org/10.5066/F7P55KJN). Data were grouped
over 5-year periods based on water years from 1985 to 2015
because of the irregularity of sampling dates, although as
clarification the data record ended in 2013 coincident with the
current study. Where applicable, 5-year periods (1985, 1990,
1995, 2000, 2005, 2010, 2015) represented 2.5 years prior to
and proceeding the label year, while 2015 represented only
prior data. Median nitrate concentrations across the aqui-
fer were considered representative if at least 30 wells were
sampled per 5-year period, whereas periods with less data
were considered uncertain and were not used in the evalua-
tion. Nitrate concentrations were evaluated statistically using
nonparametric correlation coefficients determined from the
Kendall Tau-B, Kendall Tau-C, and Spearman rank methods
that do not assume a specific data distribution and correlation
coefficient determined from the Pearson method using the
assumption of normality in the dataset. Nonparametric meth-
ods were also used to distinguish nitrate distributions between
time periods and to evaluate monotonic trends using Kruskal-
Wallis, Mann-Kendall, and seasonal Kendall methods (Helsel
and Hirsch, 1992; SYSTAT Software, Inc. 2004). The seasonal
Kendall method was performed using quarter divisions on the
calendar year.

Figure 18. Water-quality
sampling in the primary
aquifer, Upper Black Squirrel
Creek Basin, Colorado.

Nitrate concentrations in groundwater and correspond-
ing classifications of land uses, well use types, soil properties,
and geologic deposits at sampling locations were examined
to identify potential effects on nitrate. Statistical significance
in distinguishing nitrate concentrations by classification were
determined using p-values produced from nonparametric
statistical tests; Mann-Whitney test for two classifications and
Kruskal-Wallis test for three or more classifications per cat-
egory. A p-value of 0.10 or below was considered a significant
relation for evaluating categorical differences.

To thoroughly examine nitrate transport in the primary
aquifer would require numerical modeling to evaluate trans-
port pathways, groundwater discharge and residence times,
and calibration methods to match observed nitrate levels and
groundwater ages, which was beyond the scope of the investiga-
tion. As a first step, estimates of nitrate inputs were determined
for regions distinguished by land use under several simplifying
assumptions. Mobilization of nitrate and background concentra-
tions of naturally occurring nitrate were not examined directly.
A simple two-component mixing model was adopted, which
considered (1) subsurface inputs of nitrate transported by the
groundwater and (2) near-surface inputs of nitrate from land
use. The main assumptions of the mixing model were that
nitrate was fully conservative, nitrogen inputs and outputs in
each examined region reached steady-state, and groundwater
drawn from the aquifer for land use activities returned to the
aquifer as recycled water without appreciable losses, which
were notable simplifications given the character, timing, and
complexity of hydrological processes and spatial distribution of
land use in the region.
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Table 2. Selected major-ion, nutrient, and fuel products data from groundwater, Upper Black Squirrel primary aquifer, El Paso County,

Colorado, 2013.

[mm, month; dd, day; yyyy, year; E, existing well; M, monitoring well; --, no data; <, less than; ft, feet; >, greater than; uS/cm, microsiemens per centimeter;
°C, degrees Celsius; mg/L, milligrams per liter; pg/L, micrograms per liter; pCi/L, picocuries per liter; CaCOs;, calcium carbonate; N, nitrogen; P, phosphorous;
R, radchem non-detect, below Sample Specific Critical Level (ssLc); m-, meta; o-, ortha; p-, pera; NAD 83, North American Datum of 1983; shaded areas
indicate concentrations that exceed U.S. Environmental Agency National Primary (dark gray) or Secondary Drinking Water Standards (light gray)]

Local U.S. Geological Survey . . Date Specific pH, water, Tempera- Oxygen, Alkalinity,
identification  station identification Latitude Longitude of sam|_1|e conductance  standard ture, dissolved . water, .
number number (NAD 83) (NAD 83) collection (uS/cm) units water (mg/L) dissolved, field
(mm/dd/yyyy) (°C) (mg/L as CaCO,)
1 390134104290201 39.02637 10448262  06/24/2013 1,920 [NGA 123 4 76
2 390116104225701 39.02125 —104.38256 06/10/2013 393 6.6 12.2 6.6 81
3 390104104335901 39.01789 —104.56645 06/25/2013 567 6.9 12.1 6 275
4 390058104301101 39.01602 —104.49701 06/25/2013 397 6.9 9.6 4 204
5 385917104285301 38.98797 —104.48133 06/11/2013 229 7.3 12.9 2.4 65
6 385858104231001 38.98285 —104.38608 06/04/2013 325 6.8 13.2 8.1 73
7 385848104230801 38.9796 —104.38552 06/04/2013 419 7.3 14.5 5.8 116
8 385727104225101 38.95632 —104.38149 06/20/2013 231 7 11.6 0.2 69
9 385712104260201 38.95322 —104.43403 06/19/2013 402 7 14 6 113
10 385658104233501 38.95063 —104.39419 06/04/2013 394 6.9 14 8.4 92
11 385630104343901 38.94156  —104.57748  06/26/2013 824 [GEIN 211 2.6 296
12 385613104362801 38.93703 —104.60793 06/26/2013 732 6.6 10.3 5.6 184
13 385608104233702 38.93505 —104.395067  05/20/2013 327 7.2 12.2 3 83
14 385558104363201 38.93264 —104.60902 06/24/2013 297 7.2 13.8 0.1 78
15 385546104232201 38.92932 —104.38937 06/03/2013 573 7 12.3 10.4 135
16 385530104270601 38.92501 —104.45173 06/19/2013 580 7.4 11.9 1.9 177
17 385515104290201 38.92079 —104.48375 06/11/2013 682 7.3 14.2 5.7 214
18 385458104210101 38.91619 —104.35027 06/27/2013 293 7.5 15.2 6.8 100
19 385439104263501 38.91091 —104.44305 06/17/2013 672 7.3 12.8 7.3 164
20 385424104254001 38.90677 —104.42838 06/06/2013 612 7.2 11.8 1 233
21 385354104323901 38.89846 —104.54425 06/12/2013 614 6.8 12.9 43 123
22 385354104225701 38.89795 —104.385483  05/21/2013 355 7.2 12.3 8.1 100
23 385323104224001 38.889 —104.37835 05/21/2013 385 7 12.5 6.5 88
24 385254104231801 38.88182 —104.3883 06/06/2013 275 7 13 9 73
25 385250104255401 38.88137 —104.43259 06/06/2013 393 7.4 12.9 8 118
26 385246104262201 38.8795 —104.43948 06/05/2013 435 7 12.5 7 135
27 385229104223601 38.875083 —104.3778 05/22/2013 429 6.9 12.4 - 107
28 385227104231402 38.87418 —104.38737 06/18/2013 357 7.2 13.3 4.5 155
29 385209104252001 38.869116 —104.422217  06/05/2013 375 7 12.4 5.9 102
30 385204104214801 38.86781 —104.36333 06/03/2013 521 7.2 13.6 8.4 92
31 385202104203201 38.867242 —104.342183  06/17/2013 675 7.4 14.1 6.5 182
32 385159104310201 38.86644 —104.51722 06/11/2013 700 7.5 13.5 8.3 197
33 385148104233101 38.86336 —104.392 06/10/2013 309 7 14.8 6.3 98
34 385136104303801 38.86017 —104.51088 06/12/2013 660 7.3 13.6 6.7 194
35 385111104214401 38.85825 -104.362117  05/22/2013 470 7 12.2 - 87
36 385004104242901 38.83458 —104.407934  06/12/2013 379 7.2 133 7.7 103
37 384936104231401 38.82735 —104.3876 05/30/2013 317 7.2 15.5 - 97
38 384913104214901 38.820273 —104.364131 06/27/2013 287 7.2 14.2 8.2 92
39 384834104215704 38.809267 —104.366533  05/20/2013 370 7.1 12.8 7.9 98
40 384823104224001 38.8064 —104.37772 05/28/2013 345 7.3 14 6.1 98
41 384648104240401 38.77995 —104.40112 06/10/2013 382 7.2 14.7 8.5 104
42 384628104213601 38.77458 —104.36012 05/30/2013 425 7.5 133 - 129
43 384547104232601 38.76282 —104.3908 05/22/2013 318 7.3 14.6 - 102
44 384544104222001 38.76211 —104.37237 06/20/2013 403 7.3 13.5 8.5 132
45 384506104235001 38.75164 —104.39736 05/23/2013 302 7.3 12.9 - 97
46 384348104232201 38.73004 —104.390776  05/28/2013 506 7.2 14.4 9.2 119
47 384345104241401 38.729067 —104.40375 05/23/2013 950 7 13.7 - 160
48 384333104241301 38.72583 —104.40354 05/28/2013 746 7.1 14 11.1 140
49 384230104241401 38.70831 —104.40392 05/23/2013 440 7.2 14.3 - 127
50 384139104244501 38.694117 —104.412533  05/28/2013 370 7.2 15.2 9.1 109
U.S. Environmental Protection Agency Primary Maximum Contaminant Level (MCL) -- - - - -
U.S. Environmental Protection Agency Secondary Maximum Contaminant Level (SMCL) -- <6.5 or >8.5 -- -- --
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Table 2. Selected major-ion, nutrient, and fuel products data from groundwater, Upper Black Squirrel primary aquifer, El Paso County,
Colorado, 2013.—Continued

[mm, month; dd, day; yyyy, year; E, existing well; M, monitoring well; --, no data; <, less than; ft, feet; >, greater than; uS/cm, microsiemens per centimeter;
°C, degrees Celsius; mg/L, milligrams per liter; pg/L, micrograms per liter; pCi/L, picocuries per liter; CaCOs;, calcium carbonate; N, nitrogen; P, phosphorous;
R, radchem non-detect, below Sample Specific Critical Level (ssLc); m-, meta; o-, ortha; p-, pera; NAD 83, North American Datum of 1983; shaded areas
indicate concentrations that exceed U.S. Environmental Agency National Primary (dark gray) or Secondary Drinking Water Standards (light gray)]

Local U.S. Geological Survey Calcium, Magnesium, Sodium, Potassium, Sulfate, Chloride, Fluoride, Silica,
identification station identification dissolved  dissolved dissolved dissolved dissolved dissolved  dissolved dissolved
number number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 390134104290201 135 20.5 171 12.4 400 [PBET o1 19.8
2 390116104225701 41.5 4.64 324 2.68 52.7 16 0.31 31.6
3 390104104335901 89.3 6.97 15.8 331 17.1 12.1 0.62 56.3
4 390058104301101 24.1 2.03 58.7 3.7 1.8 7.39 1.3 56
5 385917104285301 6.52 0.528 44.6 1.05 26.7 5.35 1.6 18.2
6 385858104231001 29.7 3.77 30.5 2.11 40.1 11.6 0.26 31.1
7 385848104230801 18.9 2.47 72 1.52 52 133 0.59 26.9
8 385727104225101 11.6 1.41 34.7 1.53 33.5 7.05 0.33 21.1
9 385712104260201 27.8 2.84 49.5 4.85 48.1 20 0.46 29
10 385658104233501 38.7 4.55 46.3 2.9 71.7 13.7 0.3 27.2
11 385630104343901 84.5 7.34 75.3 6 72.2 342 0.14 36.1
12 385613104362801 101 6.33 40.3 4.35 96.7 67.8 0.31 45.5
13 385608104233702 18.9 2.54 432 1.35 40.9 8.71 0.4 24.7
14 385558104363201 18.7 0.931 38.6 1.31 54.4 10.1 0.14 26.1
15 385546104232201 59 7.17 54.6 3.6 70.8 20.7 0.36 30.4
16 385530104270601 48.3 4.76 62.5 5.38 50.4 41.5 0.75 33
17 385515104290201 46.6 4.06 102 2.63 116 15.3 0.91 26.8
18 385458104210101 30.4 3.35 23.8 1.62 14 3.32 0.48 242
19 385439104263501 57.5 5.45 75.6 3.9 128 30.9 0.61 28.6
20 385424104254001 49.8 5.64 79.1 0.93 74.2 22.7 0.61 249
21 385354104323901 57.3 6.27 56.5 4.32 77.8 61.6 0.31 31
22 385354104225701 23.1 3.54 48.4 2.05 36.8 9.02 0.49 29.2
23 385323104224001 31.7 4.11 36.4 1.99 49.4 11.3 0.29 31.7
24 385254104231801 20.7 2.32 30.6 1.48 33.4 4.92 0.43 30.7
25 385250104255401 33.7 33 46.4 1.9 42.8 7.14 0.42 27.3
26 385246104262201 35.8 3.53 50 2.47 58.9 10.1 0.43 30.1
27 385229104223601 39.5 4.79 429 2.23 49.6 13.2 0.37 30.5
28 385227104231402 15 1.46 62.4 1.01 21.1 3.99 0.63 22.4
29 385209104252001 36 3.66 38.1 2.69 46.1 11.1 0.38 30.8
30 385204104214801 45.5 5.36 55.9 2.38 95.2 27 0.42 27.5
31 385202104203201 38.7 4.24 98.2 1.07 95.7 41.2 0.54 17.8
32 385159104310201 48.5 3.88 104 1.67 129 23.1 0.6 20.1
33 385148104233101 30.1 3.26 29.9 2.49 33.9 10.5 0.42 32.6
34 385136104303801 54.5 4.94 85.6 2.74 114 18.2 0.5 26
35 385111104214401 41.1 4.96 459 2.27 78 20.6 0.4 29.2
36 385004104242901 314 3.25 44.6 2.29 46.2 7.38 0.39 29.4
37 384936104231401 259 3.34 342 2.12 32.5 6.9 0.58 30.9
38 384913104214901 20.6 2.38 36.7 1.69 25.7 6.89 0.44 29.9
39 384834104215704 28.2 34 41.8 1.83 37.5 12.3 0.4 29.1
40 384823104224001 27.1 2.96 413 1.93 32.1 10.2 0.53 27.2
41 384648104240401 31.7 3.27 46.8 1.98 53 11.9 0.51 28
42 384628104213601 25 2.49 62 1.49 43.2 6.59 1.51 21.3
43 384547104232601 30.6 3.03 33.8 2.35 33.6 7.05 0.59 31.1
44 384544104222001 30.7 3.03 49.6 1.58 42.6 7.1 0.55 25.2
45 384506104235001 28.5 2.9 33.6 2.37 31.1 6.72 0.6 29.8
46 384348104232201 44.8 4.97 56.1 2.31 82 18.5 0.58 26.4
47 384345104241401 100 10.9 78.4 4.15 119 101 0.41 29.8
48 384333104241301 77 8.64 65.4 3.54 104 69.4 0.42 29.8
49 384230104241401 43.7 4.58 45 2.61 67.3 12.5 0.49 29.6
50 384139104244501 33.1 3.91 39.3 2.37 51.6 8.93 0.52 29.4
U.S. Environmental Protection Agency Primary -- - -- -- -- -- 4 --
Maximum Contaminant Level (MCL)
U.S. Environmental Protection Agency Secondary -- -- - -- 250 250 2 -

Maximum Contaminant Level (SMCL)
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Table 2. Selected major-ion, nutrient, and fuel products data from groundwater, Upper Black Squirrel primary aquifer, El Paso County,
Colorado, 2013.—Continued

[mm, month; dd, day; yyyy, year; E, existing well; M, monitoring well; --, no data; <, less than; ft, feet; >, greater than; uS/cm, microsiemens per centimeter;
°C, degrees Celsius; mg/L, milligrams per liter; png/L, micrograms per liter; pCi/L, picocuries per liter; CaCOj;, calcium carbonate; N, nitrogen; P, phosphorous;
R, radchem non-detect, below Sample Specific Critical Level (ssLc); m-, meta; o-, ortha; p-, pera; NAD 83, North American Datum of 1983; shaded areas

indicate concentrations that exceed U.S. Environmental Agency National Primary (dark gray) or Secondary Drinking Water Standards (light gray)]

L . Nitrite . Ortho-
. Nitrite, Nitrate, R Ammonia,

Local U.S. Geological Survey . R plus nitrate, . phosphate, Iron, Manganese,
. I s P dissolved dissolved . dissolved . . .
identification station identification dissolved dissolved dissolved dissolved

asN asN asN
number number (mg/L) (mg/L) asN (mg/L) asP (pg/L) (pg/L)
(mg/L) (mg/L)
1 390134104290201 0.016 <0.01 0.217 19.2 41.6
2 390116104225701 <0.001 9.57 9.57 <0.01 0.068 <4.0 <0.16
3 390104104335901 <0.001 <0.040 <0.040 0.06 0.022 85.7 1,250
4 390058104301101 <0.001 <0.040 <0.040 0.39 0.024 1,680 360
5 385917104285301 <0.001 2.1 2.1 <0.01 0.01 101 0.84
6 385858104231001 <0.001 7.5 7.5 <0.01 0.061 30.7 2.05
7 385848104230801 <0.001 6.17 6.17 0.16 0.137 27.1 58.4
8 385727104225101 <0.001 1.52 1.52 <0.01 0.036 <4.0 0.21
9 385712104260201 0.074 2.11 2.18 0.05 0.011 36.8 191
10 385658104233501 <0.001 6.9 6.9 <0.01 0.081 <4.0 <0.16
11 385630104343901 0.004 0.05 0.05 0.17 0.008 1,660 707
12 385613104362801 0.005 <0.040 <0.040 0.09 0.013 890 642
13 385608104233702 0.027 6.22 6.25 <0.01 0.043 <4.0 0.2
14 385558104363201 <0.001 <0.040 <0.040 <0.01 0.006 <4.0 23.3
15 385546104232201 <0.001 <0.01 0.042 <4.0 <0.16
16 385530104270601 0.008 2.34 2.35 0.05 0.02 11.3 95.8
17 385515104290201 <0.001 3.68 3.68 <0.01 0.047 <4.0 <0.16
18 385458104210101 0.059 7.07 7.13 <0.01 0.007 4.6 52.4
19 385439104263501 <0.001 0.67 0.672 <0.01 0.028 5.4 1
20 385424104254001 <0.001 3.33 3.33 <0.01 0.02 <4.0 <0.16
21 385354104323901 <0.001 491 491 <0.01 0.039 4.1 <0.16
22 385354104225701 <0.001 6.46 6.46 <0.01 0.034 6.9 0.8
23 385323104224001 <0.001 8.35 8.35 <0.01 0.055 6.5 0.4
24 385254104231801 <0.001 5.64 5.64 <0.01 0.073 <4.0 <0.16
25 385250104255401 <0.001 7.46 7.46 <0.01 0.05 <4.0 <0.16
26 385246104262201 <0.001 4.68 4.68 <0.01 0.049 <4.0 <0.16
27 385229104223601 <0.001 [INIIRIEEE <001 0.051 122 231
28 385227104231402 <0.001 1.64 1.64 <0.01 0.09 6.8 0.57
29 385209104252001 <0.001 7.07 7.07 <0.01 0.054 <4.0 <0.16
30 385204104214801 <0.001 7.5 7.5 <0.01 0.064 <4.0 <0.16
31 385202104203201 <0.001 1.65 1.65 <0.01 0.013 10.6 2.09
32 385159104310201 <0.001 1.61 1.61 <0.01 0.047 5.1 0.21
33 385148104233101 <0.001 3.81 3.81 <0.01 0.04 <4.0 <0.16
34 385136104303801 <0.001 2.34 2.34 <0.01 0.125 <4.0 <0.16
35 385111104214401 <0.001 9.23 9.23 <0.01 0.045 14.7 0.42
36 385004104242901 <0.001 6.98 6.98 <0.01 0.067 <4.0 <0.16
37 384936104231401 <0.001 4.6 4.6 <0.01 0.041 <4.0 0.46
38 384913104214901 <0.001 3.82 3.82 <0.01 0.056 43 <0.16
39 384834104215704 <0.001 7.46 7.46 <0.01 0.054 <4.0 <0.16
40 384823104224001 0.015 7.78 7.79 <0.01 0.055 43 1.9
41 384648104240401 <0.001 5.8 5.8 <0.01 0.052 <4.0 <0.16
42 384628104213601 <0.001 6.85 6.85 <0.01 0.199 <4.0 <0.16
43 384547104232601 <0.001 5.38 5.38 <0.01 0.057 <4.0 <0.16
44 384544104222001 <0.001 5.68 5.68 <0.01 0.122 <4.0 <0.16
45 384506104235001 <0.001 5.37 5.37 <0.01 0.059 <4.0 <0.16
46 384348104232201 <0.001 7.57 7.57 <0.01 0.072 <4.0 <0.16
47 384345104241401 <0.001 _ <0.01 0.047 25.6 <0.16
48 384333104241301 <0.001 <0.01 0.055 9.4 0.42
49 384230104241401 <0.001 4.79 4.79 <0.01 0.073 8.3 <0.16
50 384139104244501 <0.001 4.68 4.68 <0.01 0.063 <4.0 <0.16
U.S. Environmental Protection Agency Primary 1 10 10 -- - -- --
Maximum Contaminant Level (MCL)
U.S. Environmental Protection Agency Secondary - -- - - -- 300 50

Maximum Contaminant Level (SMCL)
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Table 2. Selected major-ion, nutrient, and fuel products data from groundwater, Upper Black Squirrel primary aquifer, El Paso County,
Colorado, 2013.—Continued

[mm, month; dd, day; yyyy, year; E, existing well; M, monitoring well; --, no data; <, less than; ft, feet; >, greater than; uS/cm, microsiemens per centimeter;
°C, degrees Celsius; mg/L, milligrams per liter; pg/L, micrograms per liter; pCi/L, picocuries per liter; CaCOs;, calcium carbonate; N, nitrogen; P, phosphorous;
R, radchem non-detect, below Sample Specific Critical Level (ssLc); m-, meta; o-, ortha; p-, pera; NAD 83, North American Datum of 1983; shaded areas
indicate concentrations that exceed U.S. Environmental Agency National Primary (dark gray) or Secondary Drinking Water Standards (light gray)]

Local U.S. Geological Survey .Total Diisopropyl Ethyl- Methyl Me?hyl
. e - .. e .- dissolved Acetone Benzene tertiary
identification station identification R ether benzene acetate

number number solids (pg/L) (pg/L) (ng/L) (ng/L) (ng/L) butyl ether
(mg/L) (ng/L)
1 390134104290201 1,010 <l1.6 <0.040 <0.044 <0.032 <0.46 <0.06
2 390116104225701 273 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
3 390104104335901 368 <l.6 0.126 <0.044 0.222 <0.46 <0.06
4 390058104301101 280 1.7 0.155 <0.044 0.471 <0.46 <0.06
5 385917104285301 153 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
6 385858104231001 227 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
7 385848104230801 285 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
8 385727104225101 159 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
9 385712104260201 260 1 0.065 <0.044 0.157 <0.46 <0.06
10 385658104233501 297 <l1.6 <0.040 <0.044 <0.032 <0.46 <0.06
11 385630104343901 496 33 0.106 <0.044 0.118 <0.46 <0.06
12 385613104362801 475 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
13 385608104233702 218 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
14 385558104363201 197 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
15 385546104232201 388 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
16 385530104270601 363 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
17 385515104290201 459 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
18 385458104210101 193 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
19 385439104263501 432 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
20 385424104254001 412 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
21 385354104323901 391 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
22 385354104225701 241 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
23 385323104224001 257 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
24 385254104231801 194 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
25 385250104255401 267 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
26 385246104262201 293 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
27 385229104223601 300 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
28 385227104231402 229 <l1.6 <0.040 <0.044 <0.032 <0.46 <0.06
29 385209104252001 261 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
30 385204104214801 348 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
31 385202104203201 414 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
32 385159104310201 456 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
33 385148104233101 219 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
34 385136104303801 434 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
35 385111104214401 315 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
36 385004104242901 258 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
37 384936104231401 215 <l1.6 <0.040 <0.044 <0.032 <0.46 0.06
38 384913104214901 197 - - - - - -
39 384834104215704 246 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
40 384823104224001 237 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
41 384648104240401 265 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
42 384628104213601 272 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
43 384547104232601 227 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
44 384544104222001 265 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
45 384506104235001 218 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
46 384348104232201 341 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
47 384345104241401 601 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
48 384333104241301 486 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
49 384230104241401 304 <l.6 <0.040 <0.044 <0.032 <0.46 <0.06
50 384139104244501 255 <1.6 <0.040 <0.044 <0.032 <0.46 <0.06
U.S. Environmental Protection Agency Primary - -- 5 -- 700 - -
Maximum Contaminant Level (MCL)
U.S. Environmental Protection Agency Secondary 500 -- - -- - - -

Maximum Contaminant Level (SMCL)
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Table 2. Selected major-ion, nutrient, and fuel products data from groundwater, Upper Black Squirrel primary aquifer, El Paso County,
Colorado, 2013.—Continued

[mm, month; dd, day; yyyy, year; E, existing well; M, monitoring well; --, no data; <, less than; ft, feet; >, greater than; uS/cm, microsiemens per centimeter;
°C, degrees Celsius; mg/L, milligrams per liter; pg/L, micrograms per liter; pCi/L, picocuries per liter; CaCOs;, calcium carbonate; N, nitrogen; P, phosphorous;
R, radchem non-detect, below Sample Specific Critical Level (ssLc); m-, meta; o-, ortha; p-, pera; NAD 83, North American Datum of 1983; shaded areas

indicate concentrations that exceed U.S. Environmental Agency National Primary (dark gray) or Secondary Drinking Water Standards (light gray)]

Local U.S. Geological Survey Methyl m- + p- tert-Amyl tert-Butyl tert-Butyl
. e .. e - tert-pentyl o-Xylene Toluene
identification station identification ether Xylene (ng/L) alcohol alcohol ethyl ether (ng/L)
number number (ng/L) (pg/L) H (ng/L) (pg/L) (ng/L) H
1 390134104290201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
2 390116104225701 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
3 390104104335901 <0.044 0.79 0.405 <0.6 <0.80 <0.06 0.18
4 390058104301101 <0.044 2.8 0.956 <0.6 <0.80 <0.06 1.57
5 385917104285301 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
6 385858104231001 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
7 385848104230801 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
8 385727104225101 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
9 385712104260201 <0.044 0.59 0.266 <0.6 <0.80 <0.06 0.5
10 385658104233501 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
11 385630104343901 <0.044 0.59 0.208 <0.6 <0.80 <0.06 0.44
12 385613104362801 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
13 385608104233702 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
14 385558104363201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
15 385546104232201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
16 385530104270601 <0.044 <0.05 0.032 <0.6 <0.80 <0.06 0.06
17 385515104290201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 0.21
18 385458104210101 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
19 385439104263501 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
20 385424104254001 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
21 385354104323901 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
22 385354104225701 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
23 385323104224001 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
24 385254104231801 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
25 385250104255401 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
26 385246104262201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
27 385229104223601 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
28 385227104231402 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
29 385209104252001 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
30 385204104214801 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
31 385202104203201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
32 385159104310201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
33 385148104233101 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
34 385136104303801 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
35 385111104214401 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
36 385004104242901 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
37 384936104231401 <0.044 <0.05 <0.028 <0.6 <0.80 0.06 <0.02
38 384913104214901 - - - - - - --
39 384834104215704 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
40 384823104224001 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
41 384648104240401 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
42 384628104213601 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
43 384547104232601 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
44 384544104222001 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
45 384506104235001 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
46 384348104232201 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
47 384345104241401 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
48 384333104241301 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
49 384230104241401 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 0.06
50 384139104244501 <0.044 <0.05 <0.028 <0.6 <0.80 <0.06 <0.02
U.S. Environmental Protection Agency Primary - 10,000 10,000 -- -- - 1,000

Maximum Contaminant Level (MCL)

U.S. Environmental Protection Agency Secondary

Maximum Contaminant Level (SMCL)




Table 3. Dissolved gas data analyzed from groundwater samples collected from the Upper Black Squirrel primary aquifer, El Paso County, Colorado, 2013.
[mm, month; dd, day; yyyy, year; °C, degrees Celsius; NGVD 83, National Geodetic Vertical Datum of 1983; mg/L, milligrams per liter; <, less than; cm?/L, cubic centimeters per liter; STP, standard temperature
and pressure]

Local U.S. Geological Survey Date of sample Water temperature  Nitrogen  Argon  Oxygen C.arb.on Methane Estnmate_d Calculated recharge  Excess air in E.xcess
S LT . . . dioxide recharge altitude nitrogen
identification station identification collection at time of collection (N,) (Ar) (0,) (CH,) temperature water sample

number number (mm/dd/yyyy) (°c) (mg/L)  (mg/L) (mg/L) (Co,) (mg/L) (meters above (°c) (cm?/L at STP) (N.)
(mg/L) NGVD 83) (mg/L)

1 390134104290201 06/24/2013 12.3 14.97 0.56 2.12 46.84 <0.0001 2,072 9.2 0.7 0

2 390116104225701 06/10/2013 12.2 15.81 0.55 5.46 26.12 <0.0001 2,021 12.7 2.5 0

4 390058104301101 06/25/2013 9.6 16.73 0.58 0.21 39.01 0.2727 2,080 10.3 2.8 0

5 385917104285301 06/11/2013 12.9 18.59 0.59 1.75 5.47 0.0004 2,037 12.9 5.4 0

6 385858104231001 06/04/2013 13.2 16.47 0.57 5.84 18.54 <0.0001 1,966 11.7 2.8 0

7 385848104230801 06/04/2013 14.5 17.23 0.59 5.02 12.08 0.0087 1,958 9.7 2.9 0

8 385727104225101 06/20/2013 11.6 21.87 0.62 0.29 8.28 <0.0001 1,935 8.2 3.0 4

9 385712104260201 06/19/2013 14.0 15.75 0.56 3.62 23.15 0.0019 1,974 11.0 1.9 0
10 385658104233501 06/04/2013 14.0 18.05 0.62 6.55 18.59 <0.0001 1,931 8.4 33 0
11 385630104343901 06/26/2013 21.1 19.20 0.58 0.45 170.27 0.0523 2,084 11.2 3.6 2
12 385613104362801 06/26/2013 10.3 16.85 0.58 1.02 70.60 0.0870 2,089 10.4 3.0 0
13 385608104233702 05/20/2013 12.2 19.93 0.60 3.06 7.35 0.0010 1,928 15.8 7.4 0
14 385558104363201 06/24/2013 13.8 19.53 0.64 0.31 7.65 0.0153 2,082 6.5 34 1
15 385546104232201 06/03/2013 12.3 17.92 0.62 9.09 20.15 <0.0001 1,920 7.5 2.8 0
16 385530104270601 06/19/2013 11.9 15.52 0.55 0.78 15.88 <0.0001 1,952 11.4 1.7 0
17 385515104290201 06/11/2013 14.2 15.17 0.55 4.48 17.86 <0.0001 1,974 10.9 1.2 0
18 385458104210101 06/27/2013 15.2 14.68 0.54 6.51 5.22 <0.0001 1,907 11.6 0.8 0
19 385439104263501 06/17/2013 12.8 15.00 0.55 7.10 13.44 <0.0001 1,934 10.4 0.8 0
20 385424104254001 06/06/2013 11.8 16.69 0.57 0.82 20.52 <0.0001 1,923 11.9 3.0 0
21 385354104323901 06/12/2013 12.9 17.33 0.59 3.81 32.34 <0.0001 1,995 9.7 3.1 0
22 385354104225701 05/21/2013 12.3 15.71 0.57 7.75 11.75 <0.0001 1,888 10.1 1.4 0
23 385323104224001 05/21/2013 12.5 18.20 0.61 6.92 16.27 <0.0001 1,876 10.5 4.0 0
24 385254104231801 06/06/2013 13.0 14.81 0.54 7.16 11.01 <0.0001 1,876 12.1 1.1 0
25 385250104255401 06/06/2013 12.9 19.24 0.63 6.03 11.29 <0.0001 1,899 10.1 5.0 0
26 385246104262201 06/05/2013 12.5 18.75 0.61 6.88 17.52 <0.0001 1,904 11.8 5.1 0
27 385229104223601 05/22/2013 12.4 19.73 0.66 9.46 18.77 <0.0001 1,864 6.9 4.3 0
28 385227104231402 06/18/2013 13.3 18.10 0.60 2.77 14.91 <0.0001 1,866 11.6 4.3 0
29 385209104252001 06/05/2013 12.4 17.57 0.59 6.65 17.07 <0.0001 1,868 6.0 3.9 0
30 385204104214801 06/03/2013 13.6 14.38 0.53 7.23 10.99 <0.0001 1,881 11.9 0.6 0
31 385202104203201 06/17/2013 14.1 15.40 0.54 4.48 10.83 <0.0001 1,849 13.5 2.0 0
32 385159104310201 06/11/2013 13.5 17.68 0.59 6.75 10.26 <0.0001 1,848 11.3 3.7 0
33 385148104233101 06/10/2013 14.8 18.79 0.65 5.67 16.77 <0.0001 1,854 6.9 34 0
34 385136104303801 06/12/2013 13.6 15.78 0.57 5.56 13.80 <0.0001 1,935 10.3 1.6 0
35 385111104214401 05/22/2013 12.2 16.03 0.56 5.60 14.51 <0.0001 1,836 11.6 2.1 0
36 385004104242901 06/12/2013 13.3 16.78 0.59 6.53 11.20 <0.0001 1,841 10.2 2.4 0
37 384936104231401 05/30/2013 15.5 21.40 0.68 5.21 10.76 <0.0001 1,823 8.9 6.7 0
39 384834104215704 05/20/2013 12.8 16.04 0.57 6.72 12.23 <0.0001 1,802 10.8 1.8 0
40 384823104224001 05/28/2013 14.0 18.04 0.61 5.82 8.50 <0.0001 1,798 9.6 34 0
41 384648104240401 06/10/2013 14.7 14.97 0.55 7.92 8.06 <0.0001 1,823 11.6 1.0 0
42 384628104213601 05/30/2013 13.3 16.05 0.57 7.79 6.88 <0.0001 1,790 11.7 2.1 0
43 384547104232601 05/22/2013 14.6 17.34 0.59 6.59 7.98 <0.0001 1,767 11.2 3.2 0
44 384544104222001 06/20/2013 13.5 14.79 0.54 5.77 10.80 <0.0001 1,765 12.2 0.9 0
45 384506104235001 05/23/2013 12.9 18.00 0.61 6.98 7.93 <0.0001 1,766 10.6 3.7 0
46 384348104232201 05/28/2013 14.4 16.06 0.58 7.67 10.60 <0.0001 1,730 10.2 1.5 0
47 384345104241401 05/23/2013 13.7 21.95 0.71 9.24 21.86 <0.0001 1,741 6.6 6.3 0
48 384333104241301 05/28/2013 14.0 18.70 0.65 8.56 20.04 <0.0001 1,739 6.4 29 0
49 384230104241401 05/23/2013 14.3 16.70 0.59 7.13 15.37 <0.0001 1,714 10.7 2.3 0
50 384139104244501 05/28/2013 15.2 15.67 0.56 6.99 8.07 <0.0001 1,714 11.8 1.6 0
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Methods of Investigation

Table 4. Selected groundwater-quality data used to interpret groundwater recharge ages using chlorofluorocarbons and tritium,

Upper Black Squirrel primary aquifer, El Paso County, Colorado, 2013.

[CFC, chlorofluorocarbon; °C, degrees Celsius; cm*/kg, cubic centimeters excess air at standard temperature and pressure per kilogram of water; ppt, parts per
trillion; pg/L, micrograms per liter; pCi/L, picocuries per liter; pg/kg, picograms per kilogram of water; R, radchem non-detect, below Sample-Specific Critical
Level (ssLC); NGVD 83, National Geodetic Vertical Datum of 1983; TU, tritium units; --, no value; *H, tritium]

31

U.S. Geological Estimated CFC-11 CFC-11
Local . L. ... Excess Recharge . mean calculated
. e - Survey station Tritium Tritium . recharge elevation . .
identification A . air temperature concentration atmospheric
identification (pCi/L) (TU) o (feet above . . .. .
number (cm/kg) (°C) in solution mixing ratio
number NGVD 83)
(pa/ka) (ppt)
1 390134104290201 24.3 7.6 0.7 9.2 6,797 447.4 191.7
2 390116104225701 24 7.5 2.5 12.7 6,631 255.8 131.2
3 390104104335901 21.5 6.7 2.0 10.0 7,071 186.2 84.0
4 390058104301101 28.5 8.9 2.8 10.3 6,824 37.5 17.0
5 385917104285301 13 4.1 54 12.9 6,683 90.8 46.7
6 385858104231001 15.9 5.0 2.8 11.7 6,449 177.2 85.5
7 385848104230801 13.3 4.2 2.9 9.7 6,425 224.5 97.0
8 385727104225101 15 4.7 3.0 8.2 6,350 44.9 17.8
9 385712104260201 18.4 5.8 1.9 11.0 6,475 440.0 205.3
10 385658104233501 16.2 5.1 33 8.4 6,335 418.4 167.3
11 385630104343901 14.8 4.6 3.6 11.2 6,838 44.4 21.1
12 385613104362801 11.3 3.5 3.0 10.4 6,854 32.8 15.0
13 385608104233702 5.9 1.8 7.4 15.8 6,325 69.1 40.4
14 385558104363201 RO0.3 RO.1 34 6.5 6,831 6.4 2.3
15 385546104232201 6 1.9 2.8 7.5 6,298 243.1 92.3
16 385530104270601 16.4 5.1 1.7 11.4 6,405 347.0 165.1
17 385515104290201 7.8 2.4 1.2 10.9 6,476 270.4 125.7
18 385458104210101 39.7 12.4 0.8 11.6 6,258 349.9 167.8
19 385439104263501 17.4 5.5 0.8 10.4 6,344 352.8 158.9
20 385424104254001 16.6 52 3.0 11.9 6,310 218.4 94.7
21 385354104323901 12 3.8 3.1 9.7 6,546 299.8 130.1
22 385354104225701 8.1 2.5 1.4 10.1 6,195 224.6 98.8
23 385323104224001 7.5 2.4 4.0 10.5 6,155 149.3 66.6
24 385254104231801 19.2 6.0 1.1 12.1 6,156 141.9 69.6
25 385250104255401 11 34 5.0 10.1 6,230 258.7 112.9
26 385246104262201 16 5.0 5.1 11.8 6,247 152.9 73.2
27 385229104223601 10.8 34 4.3 6.9 6,115 231.3 84.0
28 385227104231402 R 0.6 RO.2 4.3 11.6 6,122 31.4 14.8
29 385209104252001 12 3.8 4.0 6.0 6,130 1934 66.6
30 385204104214801 14.4 4.5 0.6 11.9 6,170 920.2 447.3
31 385202104203201 5.1 1.6 2.0 13.5 6,065 312.7 164.1
32 385159104310201 12.9 4.0 3.7 11.3 6,063 470.6 218.6
33 385148104233101 27.1 8.5 34 6.9 6,084 288.8 104.9
34 385136104303801 15.3 4.8 1.6 10.3 6,350 716.2 320.3
35 385111104214401 13.3 4.2 2.1 11.6 6,022 351.0 166.2
36 385004104242901 2.6 0.8 2.4 10.2 6,040 70.1 30.8
37 384936104231401 5.5 1.7 6.7 8.9 5,980 69.1 27.8
38 384913104214901 17.1 5.4 -- - - - --
39 384834104215704 7.5 2.4 1.8 10.8 5,911 120.2 54.3
40 384823104224001 7.2 2.3 34 9.6 5,900 176.6 74.3
41 384648104240401 2.6 0.8 1.0 11.6 5,982 38.5 18.3
42 384628104213601 6.9 22 2.1 11.7 5,874 456.0 215.9
43 384547104232601 R-0.5 R-0.2 32 11.2 5,797 64.3 29.5
44 384544104222001 11.5 3.6 0.9 12.2 5,791 460.7 2242
45 384506104235001 R-0.4 R-0.1 3.7 10.6 5,793 55.3 24.5
46 384348104232201 15 4.7 1.5 10.2 5,675 269.2 116.8
47 384345104241401 7.7 2.4 6.3 6.6 5,712 386.5 135.2
48 384333104241301 8.8 2.8 2.9 6.4 5,706 368.8 128.4
49 384230104241401 9.7 3.0 2.3 10.7 5,623 635.0 282.0
50 384139104244501 R 0.7 R 0.2 1.6 11.8 5,622 111.3 52.6




32 Groundwater Quality, Age, and Susceptibility to Nitrate Contamination, Upper Black Squirrel Creek Basin, 2013

Table 4. Selected groundwater-quality data used to interpret groundwater recharge ages using chlorofluorocarbons and tritium,
Upper Black Squirrel primary aquifer, El Paso County, Colorado, 2013.—Continued

[CFC, chlorofluorocarbon; °C, degrees Celsius; cm*/kg, cubic centimeters excess air at standard temperature and pressure per kilogram of water; ppt, parts per
trillion; pg/L, micrograms per liter; pCi/L, picocuries per liter; pg/kg, picograms per kilogram of water; R, radchem non-detect, below Sample-Specific Critical
Level (ssLC); NGVD 83, National Geodetic Vertical Datum of 1983; TU, tritium units; --, no value; *H, tritium]

. CFC-12 CFC-12 CFC-1M3  CFC-113 Apparent Fraction of
U.S. Geological groundwater young Apparent
Local . mean calculated mean calculated -
S Survey station . . . . recharge age of water using groundwater
identification L concentration atmospheric concentration atmospheric . - .
identification . . .. . . . .. . young fraction using piston-flow recharge age
number insolution  mixingratio  insolution  mixing ratio .
number (pa/kg) (ppt) (pa/kg) (ppt) piston-flow model model, based on:
(years from 2013) in percent
1 390134104290201 260.5 488.4 64.6 65.1 contains post-1950s water - SH
2 390116104225701 127.2 275.3 23.2 28.2 37 100 CFC-113, CFC-11, °*H
3 390104104335901 225.1 437.7 93.3 98.7 39 95 CFC-11,°H
4 390058104301101 95.3 184.8 57.1 60.5 46 40 CFC-11,°H
5 385917104285301 80.5 170.3 13.1 15.7 40 55 CFC-11,°H
6 385858104231001 183.7 375.7 13.3 15.1 29 45 CFC-113,°H
7 385848104230801 1335 247.6 19.1 19.2 33 83 CFC-12,°H
8 385727104225101 89.7 153.8 43 4.0 38 69 CFC-12,°H
9 385712104260201 245.6 491.0 96.4 106.0 contains post-1950s water -- *H
10 385658104233501 402.8 695.6 30.6 28.3 31 91 CFC-113, CFC-11
11 385630104343901 76.7 153.9 32.8 36.4 34 60 CFC-12,°H
12 385613104362801 68.1 132.7 30.3 323 34 50 CFC-12,°H
13 385608104233702 67.2 155.0 45 6.0 30 24 CFC-113, CFC-11
14 385558104363201 7.7 12.3 0.8 0.6 pre-1950s water 0 ‘H
15 385546104232201 153.1 2534 29.9 26.2 29 71 CFC-12, CFC-113,*H
16 385530104270601 230.6 469.7 59.4 66.9 24 100 CFC-12, CFC-113,°*H
17 385515104290201 205.9 412.8 333 36.6 28 48 CFC-12, CFC-113,°*H
18 385458104210101 234.9 485.2 85.8 98.0 contains post-1950s water -- *H
19 385439104263501 268.6 5252 59.3 63.2 25 100 CFC-113,°H
20 385424104254001 204.5 378.2 21.7 21.8 26 42 CFC-113, CFC-11
21 385354104323901 194.0 360.6 39.2 39.6 30 93 CFC-12, CFC-113
22 385354104225701 156.0 297.0 33.1 343 28 80 CFC-12, CFC-113,*H
23 385323104224001 108.8 205.4 16.0 16.5 31 60 CFC-12, CFC-113,*H
24 385254104231801 111.7 234.6 11.6 13.5 34 80 CFC-11,°H
25 385250104255401 95.8 176.1 9.9 10.0 37 71 CFC-12, CFC-113,°*H
26 385246104262201 76.8 152.7 12.1 13.5 36 58 CFC-11, CFC-12, °*H
27 385229104223601 153.9 242.4 24.6 20.4 31 70 CFC-12, CFC-113,*H
28 385227104231402 41.7 82.6 11.8 13.0 20 17 CFC-12, CFC-113,*H
29 385209104252001 117.5 177.1 22.3 17.5 37 72 CFC-12,°H
30 385204104214801 235.0 492.2 48.6 56.4 26 100 CFC-113,°H
31 385202104203201 194.6 430.4 50.2 62.8 22 92 CFC-12, CFC-113
32 385159104310201 265.2 519.7 58.2 63.1 21 80 CFC-113, CFC-11
33 385148104233101 141.9 2249 24.0 20.1 35 100 CFC-11, CFC-12,°*H
34 385136104303801 267.1 515.4 53.2 56.0 contains post-1950s water - ‘H
35 385111104214401 165.3 333.7 31.9 35.6 27 77 CFC-113, CFC-11
36 385004104242901 72.5 136.5 3.8 3.9 contains post-1950s water -- *H
37 384936104231401 120.4 203.9 24 22 contains post-1950s water - SH
38 384913104214901 -- -- -- -- contains post-1950s water -- *H
39 384834104215704 110.5 214.5 14.0 14.9 30 62 CFC-12, CFC-113
40 384823104224001 126.7 228.4 26.8 26.2 27 55 CFC-12, CFC-113,°*H
41 384648104240401 29.6 60.3 2.8 3.2 32 20 CFC-12, CFC-113,*H
42 384628104213601 242.1 488.5 58.8 65.7 24 95 CFC-113, CFC-11
43 384547104232601 91.4 177.6 3.4 3.7 pre-1950s water 0 ‘H
44 384544104222001 227.5 474.9 60.1 69.8 25 100 CFC-12,°*H
45 384506104235001 65.7 1234 3.9 4.0 pre-1950s water 0 *H
46 384348104232201 183.0 3432 37.0 37.8 27 83 CFC-12, CFC-113
47 384345104241401 222.6 334.7 55.4 439 25 73 CFC-12, CFC-113,°*H
48 384333104241301 223.5 341.9 51.7 41.3 27 86 CFC-12, CFC-113
49 384230104241401 238.9 454.5 40.2 41.9 contains post-1950s water -- ‘H
50 384139104244501 95.5 192.9 17.5 19.7 29 53 CFC-12, CFC-113




Table 5. Analyses of blank samples of major ions, nutrients, and fuel products in groundwater, Upper Black Squirrel primary aquifer, El Paso County, Colorado, 2013.

[mm, month; dd, day; yyyy, year; <, less than laboratory reporting level; mg/L milligrams per liter; pg/L, micrograms per liter; CaCOj,, calcium carbonate; m-, meta; o-, ortha; p-, pera]

Local identification number 27 26 21 16 16 n n
Sample type Trip blank Trip blank Trip blank Equipment blank Trip blank Equipment blank Trip blank
U.S. Geological Survey station identification number  385229104223601 385246104262201 385354104323901 385530104270601 385530104270601 385630104343901 385630104343901
Date of sample collection (mm/dd/yyyy) 05/22/2013 06/05/2013 06/12/2013 06/19/2013 06/19/2013 06/26/2013 06/26/2013
Alkalinity, water, dissolved, field (mg/L as CaCO;)

Calcium, dissolved (mg/L) 0.047 0.065

Magnesium, dissolved (mg/L) <0.011 <0.011

Sodium, dissolved (mg/L) <0.06 <0.06

Potassium, dissolved (mg/L) <0.03 <0.03

Sulfate, dissolved (mg/L) <0.09 <0.09

Chloride, dissolved (mg/L) <0.06 <0.06

Fluoride, dissolved (mg/L) <0.01 <0.01

Silica, dissolved (mg/L) <0.06 <0.06

Nitrite, dissolved (mg/L) <0.001 <0.001

Nitrite plus nitrate, as nitrogen (mg/L) <0.04 <0.04

Ammonia, dissolved (mg/L) 0.01 <0.01

Orthophosphate, dissolved (mg/L) <0.004 <0.004

Iron, dissolved (ug/L) <4 9.1

Manganese, dissolved (pg/L) 0.44 0.82

Acetone (pg/L) <1.6 <1.6 <1.6 <1.6 <l.6
Benzene (pg/L) <0.04 <0.04 <0.04 <0.04 <0.04
Diisopropyl ether (ug/L) <0.044 <0.044 <0.044 <0.044 <0.044
Ethylbenzene (ug/L) <0.032 <0.032 <0.032 <0.032 <0.032
Methyl acetate (ng/L) <0.46 <0.46 <0.46 <0.46 <0.46
Methyl tertiary butyl ether (ug/L) <0.06 <0.06 <0.06 <0.06 <0.06
Methyl tert-pentyl ether (ng/L) <0.044 <0.044 <0.044 <0.044 <0.044
m- + p-Xylene (ug/L) <0.05 <0.05 <0.05 <0.05 <0.05
o-Xylene (ng/L) <0.028 <0.028 <0.028 <0.028 <0.028
tert-Amyl alcohol (ug/L) <0.6 <0.6 <0.6 <0.6 <0.6
tert-Butyl alcohol (ng/L) <0.8 <0.8 <0.8 <0.8 <0.8
tert-Butyl ethyl ether (ug/L) <0.046 <0.046 <0.046 <0.046 <0.046
Toluene (pg/L) <0.02 <0.02 <0.02 <0.02 <0.02
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Table 6. Analysis of replicate samples of major ions, nutrients, and fuel products in groundwater, Upper Black Squirrel primary aquifer, EI Paso County, Colorado, 2013.

[mm, month; dd, day; yyyy, year; mg/L, milligrams per liter; pg/L, micrograms per liter; np, not possible to calculate value because of less-than value ; <, less than; RPD, relative percent difference; % percent;
CaCO;, calcium carbonate; m-, meta ; o-, ortha ; p-, pera ]

ve

Local identification number 27 26 21 16 1"
U.S. Geological Survey station identification number 385229104223601 385246104262201 385354104323901 385530104270601 385630104343901
Date of sample collection (mm/dd/yyyy) 05/22/2013 06/05/2013 06/12/2013 06/19/2013 06/26/2013
Sample type Environ- Repli- RPD, Environ- Repli- RPD, Environ- Repli- RPD, Environ-  Repli- RPD, Environ-  Repli-  RPD,
mental  cate % mental cate % mental  cate % mental cate % mental cate %
Alkalinity, water, dissolved, field (mg/L as CaCO3) 107 107 0.0 135 131 3.0 123 118 4.1 177 174 1.7 296 295 0.3
Calcium, dissolved (mg/L) 39.5 39.7 0.5 35.8 35.8 0.0 573 58.5 2.1 48.3 50 3.5 84.5 83.8 0.8
Magnesium, dissolved (mg/L) 4.79 4.82 0.6 3.53 3.59 1.7 6.27 6.19 1.3 4.76 4.87 2.3 7.34 6.91 6.0
Sodium, dissolved (mg/L) 42.9 44.1 2.8 50 52.1 4.1 56.5 57.7 2.1 62.5 62 0.8 75.3 74.4 1.2
Potassium, dissolved (mg/L) 223 2.26 1.3 2.47 2.32 6.3 432 3.94 9.2 5.38 5.68 5.4 6 5.56 7.6
Sulfate, dissolved (mg/L) 49.6 50.5 1.8 58.9 58.8 0.2 77.8 717.5 0.4 50.4 49.8 1.2 72.2 73.1 1.2
Chloride, dissolved (mg/L) 13.2 13.4 1.5 10.1 10.1 0.0 61.6 60.7 1.5 41.5 42.1 1.4 342 32.8 42
Fluoride, dissolved (mg/L) 0.367 0.372 1.4 0.43 0.43 0.0 0.31 0.31 0.0 0.75 0.76 1.3 0.14 0.13 7.4
Silica, dissolved (mg/L) 30.5 29.8 2.3 30.1 30.1 0.0 31 31 0.0 33 343 3.9 36.1 36.9 22
Nitrite, dissolved (mg/L) <0.001 <0.001 np <0.001  0.002 np <0.001  <0.001 np 0.008 0.005  46.2 0.004  <0.001 np
Nitrite plus nitrate, as nitrogen (mg/L) 11.8 11.8 0.0 4.68 4.65 0.6 4.91 4.97 1.2 2.35 2.39 1.7 0.05 <0.04 np
Ammonia, dissolved (mg/L) <0.01 <0.01 np <0.01 <0.01 np <0.01 <0.01 np 0.045 0.035 25.0 0.169 0.163 3.6
Orthophosphate, dissolved (mg/L) 0.051 0.05 2.0 0.049  0.053 7.8 0.039 0.039 0.0 0.02 0.023 140 0.008 0.009 11.8
Iron, dissolved (ng/L) 12.2 13.7 11.6 <4 <4 np 4.1 5.6 309 11.3 11 2.7 1,660 1,580 49
Manganese, dissolved (ng/L) 2.31 2.31 0.0 <0.16 <0.16 np <0.16 <0.16 np 95.8 67.8 342 707 740 4.6
Acetone (ug/L) <1.6 <l.6 np <1.6 <l1.6 np <l.6 <l.6 np <l.6 <1.6 np 33 3.6 8.7
Benzene (pug/L) <0.04 <0.04 np <0.04 <0.04 np <0.04 <0.04 np <0.04 <0.04 np 0.106 0.11 3.7
Diisopropyl ether (ug/L) <0.044 <0.044 np <0.044 <0.044 np <0.044  <0.044 np <0.044 <0.044 np <0.044 <0.044 np
Ethylbenzene (ug/L) <0.032 <0.032 np <0.032 <0.032 np <0.032  <0.032 np <0.032  <0.032 np 0.118 0.117 0.9
Methyl acetate (ug/L) <046  <0.46 np <0.46 <0.46 np <0.46 <0.46 np <0.46  <0.46 np <0.46 <0.46 np
Methyl tertiary butyl ether (MTBE, pg/L) <0.06 <0.06 np <0.06 <0.06 np <0.06 <0.06 np <0.06 <0.06 np <0.06 <0.06 np
Methyl tert-pentyl ether (ug/L) <0.044 <0.044 np <0.044 <0.044 np <0.044  <0.044 np <0.044 <0.044 np <0.044  <0.044 np
m- + p-Xylene (ug/L) <0.05 <0.05 np <0.05 <0.05 np <0.05 <0.05 np <0.05 0.06 np 0.59 0.61 33
o-Xylene (ug/L) <0.028 <0.028 np <0.028 <0.028 np <0.028  <0.028 np 0.032 0.03 6.5 0.208 0206 1.0
tert-Amyl alcohol (ug/L) <0.6 <0.6 np <0.6 <0.6 np <0.6 <0.6 np <0.6 <0.6 np <0.6 <0.6 np
tert-Butyl alcohol (pug/L) <0.8 <0.8 np <0.8 <0.8 np <0.8 <0.8 np <0.8 <0.8 np <0.8 <0.8 np
tert-Butyl ethyl ether (pug/L) <0.046  <0.046 np <0.046 <0.046 np <0.046  <0.046 np <0.046  <0.046 np <0.046 <0.046  np
Toluene (ng/L) <0.02  <0.02 np <0.02  <0.02 np <0.02 <0.02 np 0.06 0.07 15.4 0.44 0.46 44
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Nitrate loads above background levels were assumed to
result from near-surface land use activities and from lateral
inflow from adjacent regions of the aquifer. Nitrate (NO;)
load was considered as a mass balance over a defined region
(control volume) by the relation:

(N03 )tutal input = (N03 ) + (N03 )subsmface input» (1)

surface input
where the total nitrate load to the groundwater (total input)
was a summation of subsurface transport of nitrate in ground-
water from adjacent regions of the aquifer (subsurface

input) and local near-surface nitrate loads (surface input)

that have reached the water table. Nitrate inputs and outputs
were assumed to be in equilibrium. Substituting mass loads

of nitrate in the groundwater (NO;) that entered an aquifer
volume by nitrate concentration multiplied by volume for the
subsurface and total inputs, rearranging terms to solve for the
surface inputs of nitrate under a targeted land use, and normal-
izing to the total nitrate load led to the relation for percent
nitrate input from surface sources, given as:

=100%*| 1— (5V [NO3 ]sub.?urfuce input )

surface:total inputs [

NO,%

2

3 ]lola/ input

where 0, is the ratio of water volume that entered the con-
trol volume examined from adjacent regions of the aquifer
compared to the total volume of water in the control volume.
Groundwater that was drawn from the aquifer and later dis-
charged near the land surface for land-use applications was
assumed to return to the aquifer, which ignored any changes to
evapotranspiration above natural conditions and provided no
net effect to the water budget. Moreover, although infiltration
of precipitation and surface water provided about 93 percent
of the total flow through the aquifer in past investigations,
recharge accounted for only a few inches per year (Watts,
1995), and when accumulated over individual land-use par-
cels, local recharge was substantially less than groundwater
flow in the underlying aquifer across most land parcels. The
most appropriate value for d,, effectively a fitting parameter,
was a point of uncertainty. For simplicity, conservative (low)
estimates of nitrate source inputs were evaluated where the
volume of local recharge water was ignored, which assumed
0, was equal to one. In cases where the source of nitrate will
be targeted or where surface inputs are determined negative,
higher estimates of surface nitrate inputs can be attained by
lowering J,, which indicates more substantial contributions
from surface inputs. Nitrate contributed from other areas was
estimated by subtracting 100 percent from the results from
equation 2 determined for a specific land use.

Median nitrate concentrations inside and outside of a
region containing the majority of historical cropland loca-
tions were used to distinguish between nitrate contributions
from agricultural and nonagricultural areas. Similarly, com-
parison of median nitrate concentrations in septic use parcels
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and nonseptic use parcels in areas outside of the agricultural
region, separated from the agricultural region to exclude the
effect of agriculture, was used to estimate nitrate contributions
from septic use. Remaining nitrate contributions were associ-
ated with the other land uses (county, commercial, grazing,
and residential). Because of limited available data to eliminate
both agricultural and septic influences, nitrate contributions for
the other land uses were proportioned by their respective area-
weighted median concentrations to account for the remainder
of nitrate contributions.

Groundwater Age

Environmental tracers, such as CFCs, tritium, and other
chemical and isotopic substances in groundwater, can be used
to determine time since recharge to the aquifer and to interpret
recharge sources. Information about the age of groundwater
and mixing fraction of post-1950s groundwater can be used to
define recharge rates and to refine hydrologic models. Ground-
water ages and mixing fraction of post-1950s groundwater
were estimated using the USGS software TracerLPM (Jurgens
and others, 2012).

Groundwater ages commonly are termed “apparent ages”
because the ages are modeled using simplifying assumptions
regarding transport processes that may affect the age-dating
constituents in the water (Plummer and Busenberg, 1999).
The simplest and most common transport assumption in
groundwater age dating is to assume piston flow, which
assumes that the constituent concentration was not altered by
transport processes (such as mixing or dispersion) from the
point of entry to the measurement point in the aquifer. Some
groundwater ages determined with a piston-flow model may
be an oversimplification because mixing and dispersion can
occur during groundwater flow. For mixing processes, the
simplest case is one where groundwater is conceptualized as a
binary mixture of old and young waters; the problem becomes
unsolvable if more than two waters mix (Plummer and
Busenberg, 1999) because an insufficient number of reliable
environmental tracers can be measured in most groundwater
samples. When reporting estimates of groundwater age, it
is necessary to qualify the age with the model on which it is
based. Initial age estimates were based on apparent age assum-
ing piston flow, and in cases in which CFC and tritium ratios
suggested dilution with old water, a binary-mixing model was
applied that assumes dilution of a young fraction with old,
pretracer water (Plummer and others, 2006). Otherwise, the
percentage of young water (mixing ratio) was not reported.

Tritium

The radioactive isotope of hydrogen, tritium (*H), was
used with CFC data to identify recent groundwater recharge
or groundwater mixtures that contain a component of recent
water. In water containing tritium, *H substitutes for a hydro-
gen ('H) atom or deuterium (*H) atom in the water molecule
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and can serve as a tracer because water containing a *H atom
follows the same pathway through the environment as other
water molecules (Plummer and others, 1993). The half-life of
trittum is 12.32 years. Tritium is measured in picocuries per
liter (pCi/L) or tritium units (TU; 1 TU = 3.19 pCi/L) (Lucas
and Unterweger, 2000). Atmospheric thermonuclear weap-
ons testing from 1952 to 1964 introduced a large amount of
tritium to the atmosphere that was incorporated directly into
water molecules of precipitation. Because the concentration
of tritium in the atmosphere was high for a relatively short
period, its presence in groundwater can identify water that has
been recharged since the 1950s or mixtures that contain a frac-
tion of post-1950s water.

Chlorofluorocarbons

CFCs were used to estimate apparent ages of recently
recharged groundwater and the proportion of young (post-
1940s) groundwater mixed with old (pre-1940s) groundwa-
ter. CFCs can provide excellent tracers and dating tools of
young water (Busenberg and Plummer, 1992). Groundwater
age dating with CFCs is based on Henry’s law of solubility,
which is the concentration of the gas dissolved in water in
equilibrium with air is proportional to the partial pressure of
the gas in air (Plummer and Busenberg, 1999). Under favor-
able conditions, sufficient concentrations of CFC-12, CFC-11,
and CFC-113 can dissolve into water and allow dating of
groundwater recharged since approximately 1941, 1947, and
1955, respectively. Atmospheric concentrations of CFC-12,
CFC-11, and CFC-113 in air peaked in about 2001, 1994,
and 1996, respectively. Because of nearly level atmospheric
input functions of CFC mixing ratios in the 1990s and early
2000s, it is not possible to resolve modern CFC ages precisely
as can be done with waters recharged at earlier periods, when
atmospheric concentrations were increasing rapidly (Plummer
and others, 2000).

Dissolved Gases

Groundwater age dating with CFCs is based on gas
solubility, which is affected by the recharge temperature,
excess air in the water sample, and the elevation at the location
of recharge (Plummer and Busenberg, 1999). The recharge
temperature is the temperature of the recharge water at the
water table during recharge. Dissolved gases of argon (Ar) and
nitrogen (N,) in groundwater were used to estimate recharge
temperature and excess air of the water samples. Methane can
be present in groundwater from the decomposition of organic
matter and (or) can be an indicator of contamination from oil
and gas exploration activities. The potential for groundwater
contamination from oil and gas exploration is a topic of inter-
est in the study area, so methane concentrations were also used
to provide background data (pre-exploration conditions) in the
vicinity of each sampled well.

Logistic Regression

Logistic regression is a statistical method that can be
used to predict the probability of detecting a water-quality
constituent above a certain concentration or threshold
(Hosmer and Lemeshow, 1989; Kleinbaum, 1994; Helsel and
Hirsch, 1992). Logistic regression has been used to relate
water-quality data to human and natural explanatory variables
(Koterba and others, 1993; Druliner and others, 1996; Nolan
and Clark, 1997; Tesoriero and Voss, 1997; Rupert, 1998,
2003). Maps developed from logistic regression are some-
times called probability maps because the results are stated
in terms of percent probability of detection (Rupert, 1998,
2003). An advantage of logistic regression over traditional
multivariate linear regression is the ability to examine datasets
with nondetections.

For this investigation, logistic regression was used to
predict the probability of detecting concentrations of nitrate
in groundwater greater than or equal to a prescribed threshold
of either 2.5 milligrams per liter (mg/L) considered a low-
level threshold or 5 mg/L considered a mid-level threshold,
depending on application (SYSTAT Software, Inc., 2004).
Nitrate data were converted to binary classifications of “0” for
concentrations less than specified levels and “1” for concentra-
tions greater than or equal to specified levels. Logistic regres-
sion returns the probability of a positive binomial outcome in
the form:

RORTS
) — 3
1+ e(b" +bx)
where
P is the probability of nitrate concentrations exceeding
a defined threshold;

e is the exponential function;
b, 1is a constant; and

bx is a dot product of the slope coefficients (b) and
explanatory variables (x) equivalent to z; bx,,
where 7 is the number of explanatory variables.

Logistic regression was used with several diagnostic
parameters to evaluate model quality. The log-likelihood
ratio measures the success of the model as a whole by com-
paring observed values with predicted values (Hosmer and
Lemeshow, 1989, p. 13). The most significant model is the
one with the highest log-likelihood ratio, taking into account
the number of explanatory variables (degrees of freedom)
used in the model. The log-likelihood ratio follows a chi-
squared distribution, and the computed p-value for the overall
model indicates whether model coefficients are significant.
The smallest p-value is often considered the “best” model.

A model p-value of 0.10, for instance indicates a probabil-
ity of 0.90 (90 percent) to reject the null hypothesis of the
coefficient equal to zero. As a stand-alone method, an overall



model p-value of the log-likelihood ratio has relatively weak
power for model comparison and should be used in tandem
with other diagnostic statistical tools. To maintain parsimony
in model fit given the limited dataset of only 50 samples,

the number of independent variables (degrees of freedom)
should not exceed about 5 according to the “10:1 rule” indicat-
ing the ratio of samples to explanatory variables (Vittinghoff
and McCulloch, 2007). In practice, the rule may be conserva-
tive; a low number of additional explanatory variables can

be justified in some cases (Vittinghoff and McCulloch, 2007).
The approach adopted during model development was to
evaluate whether more than five variables could be statisti-
cally supported and improved model fit. The standard error
associated with the regression coefficient of each explanatory
variable was constrained to be less than 2.0 to limit model
error. The p-values that measure statistical fits of individual
explanatory variables using the Wald statistic were targeted
to be less than 0.10, or equivalently a 90 percent confidence.
Conceptually, the p-value for the Wald statistic is similar to
the p-value for the slope of a line used in linear regression.

A measure of model fit in logistic regression is
McFadden’s rho (rho-squared); a widely accepted measure
of predictive power (McFadden, 1974). It is intended to
mimic the coefficient of determination (R?) used in linear
regression. McFadden’s rho ranges between 0.0 and 1.0; a
value approaching 1.0 corresponds to an ideal, near perfect
model while a value approaching 0.0 indicates a poor model.
Values of McFadden’s rho tend to be smaller than those of
the coefficient of determination. Values between 0.20 and
0.40 indicate good model fits; higher values indicate ratings
of very good to excellent (SPSS, Inc., 2000; SYSTAT, Inc.,
2004). Variance inflation factors were constrained to values
less than about 2.5 to reduce multicollinearity, well below
10.0 which is the level of concern indicated by Helsel and
Hirsch (1992, p. 306), although variance inflation factors
greater than 2.5 may indicate the presence of multi-collinearity
(Allison,1991).

The receiver operating characteristics curve (ROC) is a
plot that combines measures of sensitivity and specificity used
for an interpretation of model fit. The area under the ROC
curve, which ranges from zero to one, provides a measure
of test accuracy and measure of discrimination (Hosmer and
Lemeshow, 1989), with a value of one being a perfect correla-
tion (model). The sensitivity of model fit was calculated as
the number of correctly predicted events (nitrate detections)
divided by the total number of observed events (SYSTAT
Software, Inc., 2004). The specificity of model fit was calcu-
lated as the number of correctly predicted reference events (no
nitrate detections) divided by the total number of observed
reference events. Generally, ROC values between 0.8 and 1.0
are considered excellent or better (Minitab Software, Inc.,
2010). In addition, models using the same detection limits
were compared using the Akaike information criterion (AIC),
which is a measure of the relative quality of statistical models

Methods of Investigation 37

for a given set of data (Akaike, 1974; Burnham and Anderson,
2002). The model with the lowest AIC was considered the
“best” model in terms of information. As a final analysis, the
percentage of actual detections was plotted with the predicted
probability of detections by using a risk calculation, which
involves partitioning the observations into 10 decile (equal)
groups (SYSTAT Software, Inc., 2004).

Nitrate was the response (target) variable used in
the logistic regression analyses. Both natural and human
explanatory variables were considered for each logistic
regression model to explain the spatial variability of nitrate
in groundwater. Spatial data layers of explanatory variables
included: aquifer thickness, depths to groundwater, precipita-
tion, distances to streams, distances to aquifer boundaries,
distances to basin boundaries, geologic classifications, water-
table elevations, land-surface elevation, land uses, septic use,
saturated aquifer thickness, soil taxonomy (order and group),
and soil properties (average clay and sand content, aver-
age bulk density, average porosity, average organic matter,
and average saturated hydraulic conductivity). The distance
evaluations of selected attributes were determined in ArcGIS
using standard proximity functions. Land-surface elevation
and hydrography characteristics of the study area were derived
from USGS coverages (U.S. Geological Survey, 1999a;

U.S. Geological Survey, 1999b). Land-use classifications were
derived from coverages provided by El Paso County. Cover-
ages of soil attributes were retrieved from the Soil Survey
Geographic database (SSURGO) and summary analyses by
Wieczorek (2014).

Each well sampled for nitrate was assigned all attribute
values corresponding to the well’s location from spatial cover-
ages using ArcGIS. Categories were refined during prelimi-
nary tests to see whether relations could be improved. For
instance, although wells were randomly selected to represent
the study area in an unbiased manner, most of the randomly
selected wells used to sample water quality were located
within grazing parcels, which cover the majority of the study
area, leaving the remaining land use less represented. For
one analysis, land-use classifications were combined into
three basic categories: (a) all residential lots, (b) grazing,
and (c) other land uses. In another analysis, parcels within a
defined region were considered “agricultural” regardless of
land-use classification while outside of the agricultural region
original land-use classifications were retained. The logistic
regression models were built by including each explanatory
variable (attribute) in the model, evaluating the resulting
test statistics, and deciding whether to include or reject the
variable. Model validity and accuracy were determined, as
described, by evaluating the log-likelihood ratio, McFadden’s
rho, model sensitivity and specificity, degrees of freedom,
multicollinearity, Wald statistics for each independent variable,
and where applicable the Akaike information criterion.
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Susceptibility and Vulnerability

Maps showing the predisposition to groundwater contam-
ination are commonly referred to as maps of groundwater vul-
nerability or groundwater susceptibility. Different definitions
of groundwater vulnerability and susceptibility have been used
over the years in applied investigations (National Research
Council, 1993; Rao and Alley, 1993; U.S. Environmental
Protection Agency, 1993; Vowinkel and others, 1996; Focazio
and others, 2002; Gurdak and Qi, 2006). Logistic regression
models for predicting the probability of elevated nitrate con-
centrations as a function of selected environmental and human
related variables were developed in this investigation. The sta-
tistical outputs were imported to ArcGIS where logistic regres-
sion maps were created showing the probability of detecting
nitrate in groundwater above specified concentrations.

As defined in this study, susceptibility of groundwater
is a function of natural effects, which may include physical
characteristics of the aquifer (for example, geology, soil prop-
erties, hydraulic gradients, and flow directions) and intrinsic
stresses to the hydrologic system (for example, interactions
with surface water and precipitation) (Focazio and others,
2002). In this way, susceptibility did not target human effects
or specific sources of elevated concentrations, but instead
considered physical attributes related to nitrate in groundwater.
The vulnerability of a groundwater resource to contamination
could depend on physical factors controlling susceptibility, but
also contaminant type and source, and human effects such as
land use. In practice, decision makers are often faced with a
choice of whether to manage a resource based on knowledge
of susceptibility or to target more comprehensive and
contaminant-specific assessments of vulnerability (Focazio
and others, 2002). Results using logistic regression for predict-
ing susceptibility and vulnerability to nitrate in groundwater
were synthesized in the section entitled “Susceptibility and
Vulnerability to Nitrate” following sections “Groundwater
Flow and Historical Trends” and “Groundwater Quality and
Groundwater Age,” which provided background information
for the logistic regression analyses.

Groundwater Flow and
Historical Trends

A baseline assessment of historical groundwater levels
was used to understand variations in groundwater quality
and groundwater age throughout the aquifer. The dataset of
172 wells used in the evaluation is provided in Appendix 1
(Appendix 1, tables 1-1 to 1-4). Depth to groundwater data
were evaluated for the primary aquifer over four decades from
1975 to 2015 (fig. 19). Overall, average and median depths to
groundwater have increased from about 14 to 22 meters over
40 years of record when examined over 5-year time periods.
Increases in depths to groundwater (declining groundwater
levels) were greatest in the first 15-20 years of record begin-
ning from 1975. Locations near the center of the aquifer where

saturated thicknesses are greatest likely supported larger
declines in the water table (fig. 16). Groundwater declines in the
upper reaches of the aquifer where the aquifer was thin, particu-
larly along the margins, caused wells to run dry at some loca-
tions (Watts, 1995). Rates of groundwater-level decline have
decreased during the last decade as compared to earlier periods;
average and median depth to groundwater have remained fairly
constant over the last decade, although a small decline in the
groundwater level may have continued. If recent multiyear
trends continue there will be relatively small declines in the
groundwater levels aquifer-wide over the next several years,
although local and annual variability will be expected.

A preliminary evaluation of median water-table eleva-
tions and groundwater flow directions was performed over
the primary aquifer from 2000-2013 (fig. 20). The dataset
of 83 wells used in the evaluation is provided in Appendix 1
(Appendix 1, tables 1-5 to 1-6). Results of the kriging inter-
polation indicate that the mean residual and mean standardized
errors were close to zero (—0.1 and —0.01, respectively) and
the root mean square standardized error was near unity (1.01),
which were reasonable outcomes. Average standard error
(standard deviation) was about 7 m, which suggests accuracy
of the interpolation is within 14 m for at least 75 percent of
locations using two standard errors according to Chebyshev’s
inequality, depending on the distribution type (Ross, 2014).
Water-table elevations span several hundred meters across the
aquifer; levels were highest in the northeast part and decreased
in a southern direction. The lowest water-table elevations
evaluated were in the south-central part of the aquifer about
15 km south of highway 94 and the town of Ellicott (fig. 20).
Groundwater flow was oriented toward the deepest part of the
aquifer, where the aquifer is thickest, along the elongate north-
south corridor (fig. 16 and fig. 20). Local variations in ground-
water flow directions were substantial in some areas, although
flow directions were generally parallel or moderately askew to
the stream channels. At the southern end of the aquifer where
depth to groundwater was greatest, water-table elevations had
less apparent effect by stream channels, as indicated by flow
paths diverging from the stream channels.

As a first-order approximation, groundwater typically
migrates through the primary aquifer over periods of decades
to about a century. Groundwater flow paths and travel times,
although not well detailed in past investigations, will depend
on spatial variability of recharge as well as human contri-
butions of water returning to the water table, groundwater
dynamics while in transit through the aquifer, and locations
where groundwater departs from the study areca. Baseline cal-
culations based on preliminary findings by Buckles and Watts
(1988) and Topper and Horn (2011) suggest travel times from
the northern to southern boundaries of the primary aquifer
would be about 100 years, on average. Most of the ground-
water flow paths will extend over part of the aquifer creating
shorter travel times because of local entry points of recharge
to the aquifer from direct precipitation, irrigation practices, or
local surface water—groundwater connections. For many inter-
nal recharge locations, groundwater would travel distances of
several kilometers over decadal time frames.
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Figure 19.

Historical depths to groundwater in the primary aquifer, 1975-2015, Upper

Black Squirrel Creek Basin, Colorado. Results are provided using all data and with data
refined to sites with observations during at least 7 of 9 (78 percent) of the five-year

000000lexamined.

Decadal transit times in terms of mitigating groundwater
quality imply that mobile and geochemically stable contami-
nants could attenuate in the aquifer through dilution (flushing)
over decadal time frames with measurable changes in land use.
Beyond dynamical constraints, residual constituents could com-
plicate observed patterns. Even with an improbable widespread
elimination of new nitrogen inputs that are converted to nitrate,
a focus of this investigation, nitrogen stored in the soil above
the aquifer will continue to enter the aquifer through recharge
water, particularly in areas with intensive grazing, development,
and agriculture. Nitrate concentrations above background levels
will be controlled by nitrogen inputs and stored reserves in the
soil, infiltration times to reach the water table, groundwater flow
paths and travel velocities, and rates of denitrification which
will be slow under oxidized conditions.

Water levels and groundwater flow directions were evalu-
ated together with crop areas (farmland) to define a region
where nitrate (fertilizers) may have reached the water table and
moved through the aquifer (fig. 21). The “agricultural region”
was identified from crop areas produced mainly by circular
pivot irrigations systems using land satellite imagery for 1999,
2006, and 2014 in Google Earth (fig. 21, pink region). The
crop areas were visually identified and described based on the
resolution of crop outlines at the time of the image. The analysis
highlighted that farmed areas have varied over the historical
record and that recently irrigated parcels are only one of mul-
tiple potential nitrate sources from agricultural use, assuming
agricultural land was treated with nitrogen-based fertilizer.

Groundwater Quality and
Groundwater Age

Groundwater quality can be affected by climate, hydro-
logical conditions, geologic sources, human activities, and
geochemical processes in the aquifer. The geochemical compo-
sition of groundwater is controlled by hydrologic processes and
geochemical reactions, including precipitation/dissolution reac-
tions, evaporative concentration, and redox reactions that occur
naturally in the unsaturated and saturated zones. Each of these
processes, however, can be enhanced by human activities, such
as irrigation in agricultural and urban areas. Other human activi-
ties such as applying fertilizer and insecticide to agricultural
crops or developing oil and gas fields may affect groundwater
quality. Dissolved solids in the unsaturated zone are concen-
trated by evapotranspiration through temporal wetting and
drying cycles over annual to millennial time scales (Bauch and
others, 2014). As soil water in the subsurface evaporates or is
taken up by plants, soluble salts are left behind. As a result, salt,
nitrate, and some trace elements and other dissolved constitu-
ents accumulate in the unsaturated zone over time (Gurdak and
others, 2007; Gurdak and others, 2009). Dissolution of soluble
minerals in the unsaturated zone increases the concentration of
total dissolved solids in the water. When recharge water from
precipitation, irrigation return, recycled waste, and other domes-
tic and municipal sources moves through the unsaturated zone
to the water table, reaction with aquifer sediments can further
increase the dissolved-solids concentration of water.
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Figure 20. Median water-table elevations and groundwater flow directions in the primary aquifer, 2000-2013, Upper Black Squirrel Creek
Basin, Colorado.
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In this study, multiple analyses were used to character-
ize basic groundwater quality and groundwater age. General
site information for the 50 sampled wells is provided in
table 1, which includes local identification numbers referenced
throughout the report. Spatial distribution of wells by loca-
tion, well use type, and well depth are provided in figure 22.
Groundwater samples were analyzed for major ions, nutrients,
fuel products, dissolved gases, CFCs, and tritium. Dissolved
gases, major ions, and nutrients provided general informa-
tion on water quality. CFCs and tritium were used to estimate
groundwater age. Groundwater age provided a first order
understanding of groundwater movement in the aquifer and
provided a separate form of evidence to substantiate geo-
chemical interpretations. The evaluation of fuel products was
used to form a baseline of contaminant levels for evaluating
potential future oil and gas development.

Data Quality Assessment

A preliminary step in the water-quality analysis was to
evaluate the quality of the chemical data using sample blanks
and replicate samples. Replicate samples were collected to
assess variability because of the collection and analyses of
samples. Equipment blanks were collected to determine if
decontamination of the sampling equipment between sites was
adequate. Trip blanks were collected to assess the potential for
intransit contamination. They accompany the environmental
samples to and from the field, never opened, until all samples
are readied for analysis. The blank and replicate data indi-
cate that the major-ion, nutrient, and fuel component data
were suitable for quantitative analysis of groundwater quality
(tables 5 and 6). Concentrations of major ions and nutrients in
the equipment blanks were mostly below laboratory report-
ing levels (table 5). Calcium, ammonia, iron, and manganese
were detected in the equipment blanks, but in most cases the
concentrations were small; less than 10 percent as a median of
environmental samples (table 2). There were no fuel product
detections in any of the trip blanks (table 5).

Concentrations of major ions, nutrients, and fuel
products detected in environmental samples were compa-
rable to those detected in the replicate samples (table 5). The
relative percent difference (RPD) in concentrations between
environmental and replicate analyses was compared using
the absolute difference between concentrations divided by
their average. The RPD of concentrations was small for most
analytes; the median RPD of all constituents combined was
2.0 percent, the mean RPD was 4.8 percent, and the standard
deviation of RPD was 8.1 percent (table 6). Only 4 constitu-
ents had RPDs greater than 20 percent: nitrite, ammonia, iron,
and manganese. Nitrite and ammonia had relatively higher
RPDs although the magnitudes of differences were small
because concentration magnitudes were low. There could
be mixed redox conditions by drawing water from different

reducing zones in the well screen causing higher RPD in some
cases. Overall, these instances were not a concern. Quality
assessments confirm the data were suitable for the objectives
of the study.

Major lons

A Piper diagram was used to represent the major-
ion chemistry of groundwater samples collected from the
primary aquifer (fig. 23). Piper diagrams are useful for clas-
sifying different water types (Freeze and Cherry, 1979; Piper,
1944). The Piper diagram was used to analyze major-ion
chemistry as normalized concentrations in a water sample
(expressed in milliequivalents per liter [meqg/L] from 0 to
100 percent).

Most groundwater can be classified as a blended
calcium-sodium bicarbonate type water representative of
the primary aquifer (fig. 23, red symbols). Other samples
collected from wells located along the periphery of the pri-
mary aquifer had cation-anion compositions consistent with
multiple water sources, mainly in areas where the alluvial
deposits are thin (fig. 16) and geologic contacts to the under-
lying bedrock aquifers are relatively shallow (fig. 23, green
symbols). Interpretation of the Piper diagram shows a linear
pattern in the cation proportions from calcium to sodium rich
endmembers. Calcium-rich waters identified in wells 3, 12,
and 18 located along the western and eastern periphery of
the aquifer had major-ion proportions consistent with fresh,
shallow groundwater mixing with small to moderate frac-
tions of older groundwater from the underlying bedrock units.
Sodium-rich waters identified in wells 4, 5, and 28 in the
northern and central parts of the aquifer were consistent with
water mainly from the underlying bedrock aquifers (Watts,
1995). Anion proportions did not reveal a clear linear pattern
between endmember conditions as in the case of cations, but
do indicate changes from bicarbonate-rich water in wells 3
and 4 towards more chloride-rich water in the majority of
samples. Major ions reported for well 1 appear to be unique
from the other wells, which may be because of local effects
related to land use or perhaps drilling artifacts. The classifi-
cation of groundwater as a distinct mixture of waters from
multiple sources represents different scenarios of mixing in the
aquifer, although in the interest of simplicity has been classi-
fied as a single type of mixed-source groundwater. Moreover,
the primary aquifer receives both groundwater that has flowed
from areas near the aquifer periphery as well as local water
inputs from direct recharge, returned irrigation water, recycled
treated septic water, and domestic use water, which mix and
become altered geochemically by the in-situ conditions. Thus,
the two water types, although separable conceptually, are not
mutually exclusive in terms of water sources.
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Nutrients

Drinking-water standards established by the
U.S. Environmental Protection Agency (EPA) provide a
guide to evaluate water quality (U.S. Environmental Protection
Agency, 2009). Primary maximum contaminant levels (MCLs)
are legally enforceable standards that apply to public water
systems. Primary standards protect public health by limiting the
levels of contaminants in drinking water. Secondary maximum
contaminant levels (SMCLs) are not direct health concerns but
can affect the taste, color, or odor of the water. Only certain
constituents have established primary or secondary drinking-
water standards. Groundwater samples were evaluated for several
common constituents, including nutrients, and were compared
to drinking-water standards where applicable (table 2, primary
exceedances shaded in dark gray, secondary exceedances shaded
in light gray, standards located at bottom of table). The pri-
mary drinking-water standards were exceeded only for nitrate
while a few constituents exceeded EPA Secondary Drinking
Water Regulations.

Exceedances of the secondary maximum contaminant
levels were observed in 20 percent (10 of 50) of the samples
or about 6 percent (16 of 250) of all 5 constituents per

Chloride (Cl) + Fluoride (F)
Anions

Major-ion chemistry of groundwater samples from the primary aquifer, Upper Black Squirrel Creek Basin, Colorado.

sample with established secondary values (table 2). SMCLs
were exceeded for pH (6.5-8.5), chloride (250 mg/L), iron
(300 micrograms per liter [pg/L]), manganese (50 pg/L), and
total dissolved solids (500 mg/L): pH analysis showed only

2 exceedances of SMCL; chloride showed only 1 exceedance
of SMCL,; iron analysis showed only 3 exceedances of SMCL;
total dissolved solids showed only 2 exceedances of SMCL;
and manganese analysis showed 8 exceedances of SMCL.
Five of the nine groundwater samples that exceeded an SMCL
for chloride, iron, and (or) manganese were geochemically
different than most other samples (fig. 23, well numbers 1,
3,4, 12, and 18). Dissolved solids originate from natural
sources, sewage, urban runoff, industrial wastewater, and
chemicals used in the water treatment process. Although only
two samples contained total dissolved solids at concentrations
that exceeded the SMCL of 500 mg/L, several other samples
were near the SMCL. Greater exceedances of the SMCL for
total dissolved solids could limit use of shallow groundwater
as a future source of drinking water or even irrigation supply
without costly treatment or blending (Bauch and others, 2014).
Water with a concentration of total dissolved solids exceeding
1,000 mg/L is referred to as “nonfresh.” Only well 1 exceeded
the “fresh” water threshold for total dissolved solids.



Common nutrients in fertilizer include nitrogen, phos-
phorus, and potassium. Nutrients are elements or compounds
crucial for animal and plant growth. Measured concentrations
of orthophosphate as phosphorous ranged between 0.006
to 0.217 mg/L in groundwater (table 2). Phosphorous is a
limiting nutrient for eutrophication because it is typically in
shortest supply (Werner, 2009). Although generally not a con-
cern, water with copious levels of phosphorus can create algal
blooms in rivers and streams that may receive groundwater
discharge. Measured concentrations of potassium ranged
between 0.93 to 12.4 mg/L in groundwater, which is gener-
ally representative of agricultural regions (Domagalski and
Johnson, 2012). Nitrate is naturally present in groundwater at
low concentrations. Rupert and Plummer (2009) reported that
concentrations of nitrate in natural recharge water in the Eagle
River Valley of Colorado were less than 1 mg/L as nitrogen
(N). In a national study, Nolan and Hitt (2002) also reported
that concentrations of nitrate in groundwater in undeveloped
forested areas of the United States were less than 1 mg/L as
N. For this study, nitrate concentrations were greater than
1 mg/L in water from 44 of the 50 sites sampled (table 2).
Nitrate concentrations were greater than the primary maxi-
mum contaminant level (MCL) of 10 mg/L as N in water from
5 of the 50 sites sampled (10 percent percent), and concentra-
tions were elevated above half of the MCL of 5 mg/L in water
from 27 of the 50 sites sampled (54 percent percent) sampled,
which included samples above 10 mg/L. By comparison,
concentrations of nitrate in deep drinking-water wells in the
Denver Basin exceeded the MCL in only 1 percent of samples,
although when considering only alluvial and shallow bed-
rock monitoring wells the frequency of exceeding the MCL
was 18 percent (Musgrove and others, 2014), which is nearly
double the observed frequency of nitrate exceedances in the
present study.

Nitrate is the primary constituent of interest in manag-
ing groundwater quality in this study area because regulated
MCLs have been exceeded at some locations in the aquifer.
Nitrate concentrations in groundwater are controlled by nitro-
gen inputs and redox conditions in the aquifer. Once nitrate
has entered the groundwater, it can only be removed naturally
by denitrification, a process that reduces nitrate to nitrogen
gas, or discharge to surface water. The amount of dissolved
oxygen in groundwater has a substantial effect on geochemical
reactions in the subsurface and on water quality. Denitrifica-
tion occurs when the groundwater is anoxic (generally when
concentrations of dissolved oxygen are less than 0.5 mg/L)
(McMahon and Chapelle, 2008), whereas nitrate is stable
under oxic conditions. Bauch and others (2014) redefined
oxic groundwater as having dissolved-oxygen concentra-
tions greater than or equal to 2 mg/L. Regardless of whether
dissolved-oxygen concentrations greater than 0.5 mg/L or
2.0 mg/L were considered, groundwater in the primary aquifer
was generally oxic; dissolved-oxygen concentrations exceeded
0.5 mg/L in 95 percent of reported values (40 of 42 samples)
and exceeded 2.0 mg/L in 90 percent of reported values (38
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of 42 samples). Only three samples showed excess nitrogen

of 1 to 4 mg/L from denitrification (table 3, Excess nitrogen).
Under oxidized conditions, nitrate can exist in groundwater for
many years. For instance, the High Plains aquifer has mostly
oxidized geochemical conditions; McMahon and others (2007)
estimate that it could take between 250 and 14,000 years for
nitrate concentrations in the High Plains aquifer to decrease
by I mg/L. Although there are no estimates of actual denitri-
fication rates in the primary aquifer, the oxidized conditions
observed in most areas indicate that nitrate from fertilizers and
animal or human waste could persist for decades or longer.

The spatial distribution of nitrate concentrations in
groundwater showed a general pattern of higher concentra-
tions toward the central part of the basin and lower concentra-
tions along stream channels and within the northwest section
(fig. 24). Wells in the northwest part of the aquifer had gener-
ally low nitrate concentrations (less than 5.0 mg/L). Wells 1
and 2 at the northern tip of the study area were selected to fill
existing data gaps but produced surprisingly higher nitrate
concentrations than wells in the northwest part. A possible
factor that may have affected well 1 is its proximity to the
town of Peyton, which has sports fields, housing, and other
developments; well 1 showed considerable levels of total dis-
solved solids and chloride not observed in other wells. Local
infrastructure such as septic use or other forms of nutrient
loading may also have affected water quality in well 1. Well 2
located near a local housing development at the basin periph-
ery was drilled through the alluvium and into bedrock given
the reported well depth and estimated alluvial thickness of
nearby areas (Topper, 2008) and may draw substantial portions
of water from different aquifers (figs. 16 and 22). Also, wells 1
and 2 are located near (well 1) or outside of (well 2) the pri-
mary aquifer boundary where external effects may affect water
quality, adding further uncertainty to the representativeness of
the samples on reporting typical water quality in the northern
part of the aquifer.

Additional areas of the aquifer with low concentrations
of nitrate in groundwater were located along Black Squirrel
Creek and near other ephemeral streams. Some of the highest
concentrations of nitrate were observed near agricultural crops
(well numbers 6, 23, 27, 39, 46, 47, and 48), although high
nitrate was also observed in other areas (well numbers 15, 35,
and 40) within the agricultural region where direct sources
could not be identified (fig. 21). Concentrations of nitrate in
groundwater within the agricultural region were usually above
5.0 mg/L. Except for well 1, an outlier, the agricultural region
contained all sample locations with concentrations of nitrate in
groundwater above the primary drinking-water standard (MCL
of 10 mg/L).

Dissolved Gases

Dissolved-gas samples were collected from each well;
samples were analyzed for Argon (Ar), carbon dioxide (CO,),
methane (CH,), oxygen gas (O,), and nitrogen gas (N,)
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(table 3). Most samples contained excess air, probably from
excess air being trapped and dissolved in groundwater under
increased hydrostatic pressure during rapid recharge condi-
tions. Recharge temperatures calculated from the Ar and N,
data at each site ranged from 6.0 to 15.8 degrees Celsius
(°C). Median recharge temperature of all sites combined was
10.7 °C (table 3). Mean and median field water temperatures
measured at the time of sampling were about 3.0 °C higher
than the recharge temperatures determined using dissolved
gases (table 3), indicating that groundwater likely recharged at
lower temperatures than 2013 groundwater temperatures.
Methane (CH,) was detected in groundwater from 8 sites
at concentrations less than 0.5 mg/L (table 3). Methane is
a colorless, odorless, tasteless gas that can be dissolved in
groundwater. Potential sources of methane gas to ground-
water include decaying organic matter in aquifer materials,
landfills, swamps, and improperly constructed gas wells
(U.S. Geological Survey, 2006). Methane was detected in
groundwater from sites 4, 5, 7, 9, 11, 12, 13, and 14, which are
all located in the northern and northwestern parts of the study
area (fig. 22). It is possible that the methane in groundwater
is from mixing with groundwater from the underlying Denver
Basin aquifers, which contains methane (Paschke, 2011),
although additional analyses are needed to distinguish water
types between the bedrock and overlying primary aquifer. Cur-
rently (2013) there are no oil and gas exploration activities in
the vicinity of the sites which could be a source of methane in
the shallow groundwater.

Groundwater Age

Apparent groundwater age and mixing fractions of
young water were estimated from measured concentrations
of CFC-11, CFC-12, CFC-113, and tritium in groundwater
(table 4). Groundwater ages were estimated using calcula-
tions of excess air, recharge temperature, and recharge
elevation; and known histories of the concentrations of those
tracers in the atmosphere (Plummer and others, 2006). Most
groundwater ages and estimates of fraction of young water
(percentage of water that recharged the aquifer post-1950s)
were determined using two-component ratios derived from
CFC-11, CFC-12, CFC-113, and tritium that followed a
piston-flow binary-mixing model. Relations between multiple
age-tracer ratios were examined for each sample and com-
pared for added assurance of the age estimates. In instances
where an age relation could not be attained or showed con-
tradictory results, tritium was examined independently to
determine whether young water was present. Old water that
predated the 1950s was indicated by tritium levels less than
about 0.2 TU. In instances where an age relation could not
be attained or showed contradictory results and tritium levels
were above 0.2 TU the sample was considered to contain at
least some post-1950s water (fig. 25).

Tritium levels in groundwater were above 0.2 TU for 45
of the 50 (90 percent) sites sampled (table 4) indicating that
at least some modern post-1950s water was present in nearly
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all locations in the primary aquifer. About 80 percent of the
samples had tritium levels greater than 2 TU, indicating that
the majority of groundwater was recharged after the 1950s, or
groundwater mixtures contained a substantial fraction of post-
1950s water. The mean and median apparent groundwater ages
for the young fraction of water in the samples were each about
30 years and the standard deviation was 6 years. The mean and
median fractions of young water were about 65 and 71 per-
cent, respectively, and the standard deviation was 29 percent.
The old fraction of water in those samples may have origi-
nated from mixing with groundwater from deeper geologic
formations, or alternatively could be the result of slow ground-
water flow paths in the primary aquifer. About 74 percent of
the groundwater samples with attainable age calculations had a
fraction of young water greater than 50 percent (mostly young
water), while the remaining quarter had a fraction of old water
greater than 50 percent (mostly old water before 1940).

Conceptually, groundwater is often youngest in areas
where recharge enters the water table and oldest at the base of
an aquifer near discharge areas. Areas with the greatest natural
recharge are in the highest elevation sections of the basin
where precipitation is highest. Local areas of pronounced
recharge are associated with losing streams, septic discharge,
and irrigation return water which allow water from different
sources and environments to mix with the local groundwater
in the aquifer. After reaching the water table, recharge water
becomes groundwater and moves through the aquifer along a
flow path, becoming older in the process. In general, ground-
water age is a function of the distance and velocity that
groundwater has moved through the aquifer.

Apparent groundwater age was often older than 30 years
in the north and northwest parts of the aquifer within thin
sediment deposits in close contact with the underlying bedrock
(indicated by wells 2, 3, 4, 5, 11, and 12) (fig. 25). Well 1 in
this area appeared to be affected by modern water (substantial
trittum level) distinct from other surrounding wells, support-
ing that the sample collected from well 1 is not representative
of typical groundwater. In moving further south to southeast
from the northwest part a few miles, groundwater was younger
overall, which contradicted the paradigm of groundwater
aging along a flow path. One explanation is that groundwater
became younger, on average, as a greater proportion of
young water recharging locally to the aquifer had diluted low
volumes of older groundwater that arrived from the northwest
part. In other areas, groundwater age exceeded 30 years along
a thick deposit that extended from the central-west part of
the aquifer near Jones Road to perhaps a mile or two south of
Highway 94 (indicated by wells 25, 26, 29, and 33, and possi-
bly wells 36 and 37). Older groundwater ages in the area could
be the result of deep groundwater rising from the bedrock
aquifer, longer travel times in moving to deeper parts of the
aquifer, or less modern recharge diluting older groundwater.
Further downslope, groundwater that had reached the central
part of the aquifer was more variable in age. In areas near
stream sections groundwater was often young; however, usu-
ally less than 25 years old (indicated by wells 16, 19, 20, 22,
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28,30, 31, 35, 42, and 44). Young groundwater below stream
channels could indicate areas of local recharge and supported
the conceptual model of losing streams in many parts of the
basin. Older bedrock groundwater that may have discharged to
the primary aquifer in the north and northwest parts supported
the interpretation of geochemically distinct groundwater
upwelling into the primary aquifer, evident from the Piper
diagram analysis (fig. 23).

Fuel Products

The fuel products acetone, benzene, diisopropyl ether,
ethylbenzene, methyl acetate, methyl tertiary butyl ether
(MTBE), methyl tert-pentyl ether, m- + p-xylene, o-xylene,
tert-amyl alcohol, tert-butyl alcohol, tert-butyl ethyl ether, and
toluene were analyzed in groundwater from 49 of the 50 wells
(table 2). Water drawn from 7 of the 49 sites (14 percent) had
detections, but all concentrations were below their MCLs. Five
of those sites were monitoring wells installed for this report
(local identification numbers 3, 4, 9, 11, and 16). There were no
obvious point sources of contamination at most of these sites, so
it is possible the sites were contaminated by fuel products dur-
ing installation of the monitoring wells by contract drillers.

Nitrate Trends and Linkages

Common sources of nitrate in the Upper Black Squirrel
Creek Basin include: fertilizers, manure in feedlots and dair-
ies, and sewage and septic effluent (Brendle, 1997). If suf-
ficient precipitation water is applied to the soil and migrates
downward, nitrate could leach from the land surface to the
underlying groundwater. Increased recharge from rainfall or
irrigation can therefore enhance natural rates of nitrate mobi-
lization in semiarid environments. Changes in land use could
increase nitrate loads to the aquifer and alter the storage of
nitrogen in the soil. For example, when grassland and range-
land have been established but at a later time were converted
to agricultural land, excess recharge water from irrigation can
flush nitrate that has accumulated naturally in the unsaturated
zone down to the water table. Once agricultural land is estab-
lished, nitrogen-containing fertilizers routinely applied are an
additional source of nitrate to shallow groundwater (Gurdak
and others, 2009). Further development of septic systems or
housing communities could also increase the nitrate loads
from effluent that enters the groundwater. Concentrations of
nitrate in groundwater will be controlled in part by the amount
of nitrogen reaching the aquifer, but geochemical conditions
are also important in affecting the stability, and therefore the
persistence of nitrate in groundwater.

Historical nitrate concentrations in the primary aquifer
were evaluated over nearly three decades from 1985 to 2013
(fig. 26). Data were grouped over 5-year periods from 1985 to
2015, although the data record ended in 2013 coincident with
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the current study. Median nitrate concentrations were evalu-
ated over the aquifer during multiyear periods because of the
irregularity of sampling dates and the spatial and temporal
variability of nitrate concentrations. Median nitrate concen-
trations were considered reliable if at least 30 wells were
sampled per 5-year period (fig. 26, dark green bars), whereas
periods with less data were considered uncertain and were

not used in the evaluation (fig. 26, light green bars). Based on
S-year periods with sufficient data, median nitrate concentra-
tions increased approximately 1 mg/L from 4.3 to 5.4 mg/L
over the past 30 years of record; a modest change in compari-
son to the variability of nitrate concentrations as indicated

by the 25th to 75th percentiles (fig. 26). Only 8 wells had
records in each period, which fell below the minimum 30 well
requirement; although, the 8 wells showed a comparable
increase in median nitrate concentrations of about 0.8 mg/L
over about three decades (1985 to 2013). In this subgroup, 5
of the 8 wells (63 percent) revealed a net increase in nitrate
concentrations while the remaining 3 wells had a net decrease
in nitrate concentrations, which highlighted local variability in
the nitrate levels. Moreover, direct inspection indicates about
a 60 percent reduction in the overall increase in median nitrate
concentrations from 1995 to 2015 as compared to 1985 to
1995, perhaps as nitrogen inputs trended closer toward equi-
librium with nitrogen exports from the aquifer.

Analyses of nitrate concentrations using nonparametric
correlation coefficients from the Kendall Tau-B, Kendall
Tau-C, and Spearman rank methods and the parametric corre-
lation coefficient from the Pearson method (Helsel and Hirsch,
1992) show values between about 0.05 and 0.15, indicating
there may have been small annual increases in nitrate over the
study area from 1985 to 2013. Additional analyses were used
to test the significance of the predicted annual increases in
nitrate. Results from the Kruskal-Wallis test did not differenti-
ate between nitrate distributions evaluated over 5-year periods
with a p-value of 0.594, providing no indication there were
significant increases in nitrate beyond expected variability
in the data. Moreover, the Mann-Kendall test and seasonal
(quarter calendar year) Kendall test used to remove seasonal
fluctuations did not indicate significant monotonic trends
(increases) in nitrate concentration over time with p-values
above 0.350 (Helsel and Hirsch, 1992). Although it was
recognized from this investigation and according to Brendle
(1997) that nitrate concentrations may increase or decrease
through time at discrete locations, additional analyses did
not show a statistically significant regional increase in nitrate
concentration. Given irregularities in the data record, however,
the results were interpreted as inconclusive for dismissing the
potential for regional changes in nitrate. Additional sampling
at established locations and sampling intervals will be needed
to determine the reproducibility of the results.

Another important consideration for evaluating nitrate
trends is the connection between nitrate inputs and the local
water cycle. Sustained inputs of nitrate coupled with contin-
ued declines in water-table elevations in the primary aquifer
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Figure 26. Median nitrate concentrations with 25th to 75th percentile confidence intervals
when examined over 5-year periods within the primary aquifer, 1985-2015, Upper Black
Squirrel Creek Basin, Colorado. Dark green bars show periods with more reliable estimates
using greater than 30 wells (N greater than 30) with data while the light green bars show

periods using few wells with data.

could still lead to changes in water quality. Assuming nitrate
loads carried through the recharge water remain unchanged,
concentrations in the groundwater could increase depending
on the geochemical conditions. Declines in water levels could
also reduce flow through the unconsolidated deposits, at least
until changes in storage equilibrate. Increased transport times
from the land surface through deeper layers of the unsaturated
zone to a lower water table could be substantial. Changes in
hydraulic conditions could also mobilize deep groundwater
into the primary aquifer and degrade water quality (Buckles
and Watts, 1988; Watts, 1995). The temporal and spatial rela-
tions between water quality and hydrologic conditions should
be examined in future work to further characterize the effects
of altered hydrologic conditions over the historical record
and to examine potential effects from conditions in the future.
Aquifer hydrodynamics could play an important role on long-
term water quality in the Upper Black Squirrel Creek Basin.
The regional effect of agriculture (irrigated crops) on
nitrate concentrations was examined by comparing median
concentrations measured inside the defined “agricultural region”
to those measured outside the agricultural region (fig. 21). A
higher median nitrate concentration was observed for areas
inside the agricultural region at 6.7 mg/L compared to areas out-
side the agricultural region at 2.3 mg/L, although both median
nitrate concentrations were below MCL of 10 mg/L (fig. 274).
The relation between nitrate concentrations and whether sample

locations were in the agricultural region is highly significant
with a Mann-Whitney p-value of 0.001. Potential point sources
of nitrate from crops were examined within a 500-m buffer of
crop areas, defined in the analysis as farmland (figs. 21 and
274). The effect of farmland on nitrate concentrations was
estimated by comparing median concentrations of samples
collected within farmland to those outside of farmland within
the defined agricultural region. The analysis showed a higher
median nitrate concentration in farmland areas at 6.9 mg/L
compared to areas outside of farmland at 4.6 mg/L (fig. 274).
The relation between nitrate concentrations and whether sample
locations were located in farmland is strongly significant with

a Mann-Whitney p-value of 0.015. Nitrate concentrations in
farmland and agricultural areas were generally high and varied
less than nitrate concentrations in non-farmland or areas outside
of the agricultural region. The effect of septic use on nitrate con-
centrations was estimated by comparing median concentrations
of samples collected within septic parcels located outside of the
agricultural region to those in non-septic parcels also located
outside of the agricultural region, in order to separate the effect
of agriculture. The analysis for septic use showed higher nitrate
concentration in septic areas at 4.9 mg/L compared to nonseptic
areas at 1.7 mg/L with a similar range of values (fig. 274). The
relation between nitrate concentrations and whether sample
locations had septic use is significant with a Mann-Whitney
p-value of 0.052.
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Outside the agricultural region, septic systems were
the primary driver of nitrate and accounted for an estimated
66 percent of all nitrate sources. The remaining estimated
nitrate contributions were 18 percent by grazing, 15 percent
by residential use, and 1 percent by agriculture outside of the
agricultural region, commercial, and county use combined
(fig. 284). Within the agricultural region, irrigated crops
were the primary input of nitrate and accounted for about
65 percent of all nitrate sources (fig. 28B). The importance of
irrigated crops on nitrate input occurred even though irrigated
parcels accounted for only 3 percent of recent land use by
area. Remaining estimated nitrate contributions in the agri-
cultural region were 23 percent by septic systems, 8 percent
by grazing, 4 percent by all residential types, and less than
1 (0.1) percent by commercial and county use combined,
which included vacant land (fig. 28B). Additional sampling
and future modeling could refine and periodically update the
estimated contributions.

In terms of overall effect of land use or septic use on
nitrate concentration in groundwater, watering crops was the
most efficient mechanism delivering nitrate to the groundwater

(fig. 28C). Land-use effect defined as percent contribution of
nitrate in groundwater divided by percent land area was calcu-
lated to be 0.001 for commercial and county (combined), 0.1
for grazing, 0.2 for all residential types, 0.6 for septic systems,
and 22.8 for agriculture. The results indicate that future devel-
opment of agriculture has the greatest potential to affect nitrate
levels on a per area basis. Septic use had the second highest
effect on nitrate concentrations, but still substantially less than
agriculture by a factor of about 0.02 (2 percent of agriculture).
Grazing and residential showed comparable levels of nitrate
effect below those of septic use. The lowest effect occurred
from commercial and county land use. Overall, the strongest
effects on nitrate concentrations in groundwater were from
agriculture and septic systems. The finding emphasizes that
future development of agricultural land and septic use should
be considered in future land use planning.

Relations between observed nitrate concentrations and
potential explanatory variables that effect nitrate concentra-
tions were examined for well use type and land use (fig. 27B).
When distinguished by well use type, the lowest median
nitrate concentrations were measured from monitoring wells,
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located mostly in areas with low nitrate concentrations in the
groundwater. For other well use types, stock-supply wells
show the lowest median nitrate concentration (3.7 mg/L),
while domestic, irrigation, and public-supply wells were
closely related with median nitrate concentrations between

5.6 mg/L and 6.5 mg/L (fig. 27B). The relation between nitrate
concentrations and well use type is significant with a Kruskal-
Wallis p-value of 0.058. In examining land use, residential lots
of 2.5 to 5 acres showed the highest median concentration fol-
lowed by lots greater than 5 acres at 7.8 mg/L and 6.9 mg/L,
respectively, due in part because many residential lots are
located within the agricultural region in areas more vulnerable
to nitrate in the groundwater than areas outside of the agricul-
tural region (fig. 274). Median nitrate concentration in grazing
land was 5.4 mg/L (fig. 27B), which was intermediate among
land-use types. Current zonation of land parcels with irrigated
crops (fig. 4) showed the second lowest median concentration
at 4.9 mg/L but also indicated high concentrations at some
locations and large variability in concentration magnitude

(fig. 27B). Commercial and county use had the lowest median
nitrate concentrations at 0.2 mg/L but also revealed large
variability in concentration magnitude, possibly indicating
multiple effects were present. A strong relation between nitrate
concentrations and land use under the proposed categories
could not be confirmed with a Kruskal-Wallis p-value of
0.192. Additional sampling will be required to support the
results and to target undersampled land uses.

Relations between observed nitrate concentrations and
potential explanatory variables were examined across general
categories of geology and soil taxonomy (fig. 29). In terms of
geologic deposits, distinctions between median nitrate concen-
trations were moderate ranging from 3.6 mg/L to 6.3 mg/L,
although median nitrate levels under several geologic clas-
sifications were similar (fig. 294). The relations between
nitrate concentrations and geologic deposits from interpreta-
tions by Scott (1974) and Tweto (1979) are both insignificant
with Kruskal-Wallis p-values of 0.276 and 0.823, respectively
(fig. 294). Soil taxonomy (order and group) shows larger
distinctions between median nitrate concentrations than
geologic types, ranging from 2.8 mg/L to 7.6 mg/L, depend-
ing on the classification scheme considered (fig. 298). The
relations between nitrate concentrations and soil order and soil
group (taxonomy) are borderline significant to significant with
Kruskal-Wallis p-values of 0.104 and 0.034, respectively.

Susceptibility and Vulnerability
to Nitrate

Logistic regression offers a means for land-use planners
and water managers to make informed decisions by consider-
ing risk in future planning efforts. Logistic regression models
were used to create probability maps showing the likelihood
that nitrate concentrations in groundwater exceeded specified
levels. A high probability near 1 indicated that encountering
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nitrate concentrations above a detection level of 2.5 mg/L
(low) or 5.0 mg/L (moderate) in groundwater was almost
certain, while a probability near 0 indicated that detection was
unlikely; values between 0 and 1 cover the spectrum of likeli-
hood. Probability maps were generated by combining model
parameters with spatial data according to the logistic regres-
sion methods, as described in the methods sections “Logistic
Regression” and “Susceptibility and Vulnerability.” Several
analyses of statistical significance and model fit were per-
formed prior to identifying the most representative models, as
discussed in the methods sections.

Logistic Regression

Four types of logistic regression models were devel-
oped for aquifer susceptibility and aquifer vulnerability:
A, mid-level aquifer susceptibility of nitrate concentrations
above 5.0 mg/L using all 50 samples, B, low-level aquifer
vulnerability of nitrate concentrations above 2.5 mg/L using
all 50 samples, C, mid-level aquifer vulnerability of nitrate
concentrations above 5.0 mg/L using all 50 samples, and
D, mid-level aquifer vulnerability of nitrate concentrations
above 5.0 mg/L using 48 samples, where data from wells 1
and 2 were removed as outliers (table 74-D). As detailed in
the methods section “Susceptibility and Vulnerability,” suscep-
tibility is a measure of relations between natural physical fac-
tors and observed nitrate concentrations. Susceptibility reveals
how different locations of the aquifer may be prone to nitrate
concentrations that exceed specified limits based on natural
climatic, geologic, geographic, and hydrologic conditions.
Vulnerability is a measure that incorporates relations of sus-
ceptibility but also includes human variables, such as land-use
zoning and septic use. A nitrate concentration detection limit
of 5 mg/L was used for the susceptibility model and two of
the three vulnerability models, which was half of the MCL of
10 mg/L and about equal to the median nitrate concentration in
groundwater sampled during this investigation (5.4 mg/L). A
nitrate concentration of 5 mg/L in groundwater was considered
a mid-level concentration that fell between unknown back-
ground concentrations perhaps around 1 mg/L and the drink-
ing-water standard (MCL) of 10 mg/L. To evaluate low-level
nitrate vulnerability above background levels, a concentration
of 2.5 mg/L was selected. Attempts at evaluating nitrate con-
centrations that exceeded the MCL proved unsuccessful, due
primarily because only 5 of the 50 sampled locations (10 per-
cent) had nitrate concentrations in excess of 10 mg/L (table 2),
which diminished the reliability of relating nitrate detections
above MCL to natural and human explanatory variables.

Natural and human explanatory variables were consid-
ered for each logistic regression model using ArcGIS. Spatial
data included: aquifer thickness, depths to groundwater, pre-
cipitation, distances to streams, distances to aquifer boundar-
ies, distances to basin boundaries, geologic classifications,
land-surface elevation, land uses, septic use, saturated aquifer
thickness, and soil properties. When examining for aquifer
vulnerability, variables recognized as sources of nitrate caused
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by activities determined in the section, “Nitrate Trends and
Linkages” were prioritized over other variables with indirect
relations to nitrate. Several iterations using automated step
wise and manual variable selections were performed by vary-
ing initial conditions of the explanatory variables to predict
nitrate in groundwater (response variable). Explanatory vari-
ables with significant statistical relations to nitrate were used
as parameters in the logistic regression models (table 7).

For each parameter, individual p-values were targeted
to fall below 0.10. Classes of categorical parameters were
permitted to have p-values greater than 0.10 in cases where
other classes of the categorical parameters showed a sig-
nificant relation (p-value less than 0.10). A parameter could
also be included under the circumstances when the p-value
was near 0.10 and when added to the model overall model fit
showed substantial improvement, which occurred only in one
instance when examining for aquifer low-level vulnerability
(table 7B). For all models, the median p-value of the individ-
ual model parameters was 0.05. Standard errors of the regres-
sion coefficients given for each model parameter were less
than 2.0, not including model coefficients, which was defined
as an upper bound of acceptable error. For overall model
significances, overall model p-values were near zero, which

demonstrated each model was significant, overall. Degrees
of freedom were targeted to be around 5 given the 50 samples
evaluated, following the recommended 1:10 independent
variable to explanatory variable ratio. Additional degrees
of freedom (variables) were evaluated manually on a case-
by-case basis. Additional parameters were retained if model
fits could be improved and significances of other variables
were maintained. Degrees of freedom in the 4 models ranged
from 3 to 7, which maintained parsimony in model construc-
tion (table 74—D). Degrees of freedom greater than 5 (6 and
7) were allowed for both mid-level vulnerability models
(table 7C and D). As overall measures of model performance,
McFadden’s rho averaged 0.4 with a range from 0.3 to 0.5,
which indicated all models were of reasonable quality. Total
correct predictions ranged between 68 and 80 percent with an
overall average of 76 percent, which was standard outcome
in logistic regression and demonstrated most predictions
were correct. Receiver operating characteristics (ROC) curve
ranged from 0.86 to 0.93 out of a maximum value of 1.0,
which showed acceptable levels of test accuracy.

To provide additional support that the nitrate models were
sufficiently calibrated, regression analyses were performed
between the percentage of elevated nitrate concentrations and
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Table 7. Four logistic regression models showing the probability that nitrate concentrations in groundwater exceeded specified limits
with measures of model fits: (A) mid-level aquifer susceptibility of nitrate concentrations above 5.0 mg/L, (B) low-level aquifer vulnerability
of nitrate concentrations above 2.5 mg/L, and (C) mid-level aquifer vulnerability of nitrate concentrations above 5.0 mg/L using all

50 samples, and (D) mid-level aquifer vulnerability of nitrate concentrations above 5.0 mg/L using 48 samples with data from wells 1 and 2
removed. The respective maps for the four models are shown in figures 31-34, respectively.

[CV, continuous variable; DV, discrete variable; R, reference variable in categorical data; Combined, simplified land use combining county, commercial,
and recently irrigated; All residential, all residential parcels less than 2.5 acres, 2.5 to 5 acres, and greater than 5 acres; mg/L, milligrams per liter; m, meter;
cm, centimeter; --, no data for reference parameter; ROC, receiver operating characteristic curve; AIC, Akaike information criterion; Robust, adjusted
calculations of standard errors and p-values to account for model nonlinearity]

A, Mid-level susceptibility model (nitrate in groundwater above 5.0 mg/L, all samples)

Coefficient Standard Robust Robust
Model parameters . p-value
estimate error standard error p-value
Constant -3.399 1.768 0.054 1.837 0.064
Depth to groundwater, in m (CV) 0.115 0.042 0.006 0.044 0.009
Soil organic matter, in percent by weight (CV) -2.419 1.346 0.072 1.279 0.059
Soil water storage to 25-cm depth, as ratio (CV) 1.601 0.748 0.032 0.761 0.035
Measure of model fit Value
Degrees of freedom 3
Model p-value 0.000
McFadden’s rho-squared 0.30
AIC 56.4
Sensitivity 0.71
Specificity 0.66
Total correct predictions, ratio 0.68
Area under ROC, unit normalized 0.86
B, Low-level vulnerability model (nitrate in groundwater above 2.5 mg/L, all samples)
Coefficient Standard Robust Robust
Model parameters . p-value
estimate error standard error p-value
Constant 0.157 1.727 0.928 1.840 0.932
Depth to groundwater, in m (CV) 0.209 0.082 0.011 0.067 0.002
Parcel zoned septic (DV) 2.067 0.971 0.033 1.009 0.041
Soil organic matter, in percent by weight (CV) —2.274 1.487 0.126 1.566 0.146
Measure of model fit Value
Degrees of freedom 3
Model p-value 0.000
McFadden’s rho-squared 0.48
AIC 38.7
Sensitivity 0.86
Specificity 0.64
Total correct predictions, ratio 0.80
Area under ROC, unit normalized 0.93
C, Mid-level vulnerability model (nitrate in groundwater above 5.0 mg/L, all samples)
Coefficient Standard Robust Robust
Model parameters . p-value
estimate error standard error p-value
Constant -5.933 2.590 0.027 2.590 0.022
Depth to groundwater, in m (CV) 0.095 0.054 0.060 0.054 0.079
Agricultural region (DV) 2.276 0.883 0.027 0.883 0.010
El Paso County land use, all residential (DV) 2.000 1.420 0.157 1.420 0.159
El Paso County land use, combined (DV) -2.594 1.971 0.093 1.971 0.188
El Paso County land use, grazing (DV, R) 0.000 -- -- -- --
Soil water storage to 25-cm depth, as ratio (CV) 2.273 0.751 0.033 0.751 0.002
Soil organic matter, in percent by weight (CV) -3.065 1.256 0.073 1.256 0.015
Land parcels zoned septic within 500 m (CV) 0.097 0.052 0.089 0.052 0.058
Measure of model fit Value
Degrees of freedom 7
Model p-value 0.000
McFadden’s rho-squared 0.48
AIC 51.8
Sensitivity 0.78
Specificity 0.75
Total correct predictions, ratio 0.77

Area under ROC, unit normalized 0.91
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Table 7.

Four logistic regression models showing the probability that nitrate concentrations in groundwater exceeded specified limits

with measures of model fits: (A) mid-level aquifer susceptibility of nitrate concentrations above 5.0 mg/L, (B) low-level aquifer vulnerability
of nitrate concentrations above 2.5 mg/L, and (C) mid-level aquifer vulnerability of nitrate concentrations above 5.0 mg/L using all

50 samples, and (D) mid-level aquifer vulnerability of nitrate concentrations above 5.0 mg/L using 48 samples with data from wells 1 and 2
removed. The respective maps for the four models are shown in figures 31-34, respectively.—Continued

[CYV, continuous variable; DV, discrete variable; R, reference variable in categorical data; Combined, simplified land use combining county, commercial,
and recently irrigated; All residential, all residential parcels less than 2.5 acres, 2.5 to 5 acres, and greater than 5 acres; mg/L, milligrams per liter; m, meter;
cm, centimeter; --, no data for reference parameter; ROC, receiver operating characteristic curve; AIC, Akaike information criterion; Robust, adjusted

calculations of standard errors and p-values to account for model nonlinearity]

D, Mid-level vulnerability model (nitrate in groundwater ahove 5.0 mg/L, two outliers removed)

Coefficient Standard Robust Robust
Model parameters . p-value
estimate error standard error p-value
Constant —6.065 2.899 0.036 2.774 0.029
Depth to groundwater, in m (CV) 0.102 0.052 0.051 0.054 0.058
Agricultural region (DV) 2.388 1.062 0.025 0.841 0.005
El Paso County land use, all residential (DV) 2.643 1.454 0.069 1.378 0.055
El Paso County land use, combined (DV) -2.791 1.619 0.085 2.138 0.192
El Paso County land use, grazing (DV, R) 0.000 -- -- -- --
Soil water storage to 25-cm depth, as ratio (CV) 2.450 1.206 0.042 0.861 0.004
Soil organic matter, in percent by weight (CV) —3.335 1.873 0.075 1.247 0.007
Measure of model fit Value
Degrees of freedom 6
Model p-value 0.000
McFadden’s rho-squared 0.50
AIC 47.4
Sensitivity 0.78
Specificity 0.76
Total correct predictions, ratio 0.77
Area under ROC, unit normalized 0.92

the predicted probability of detecting elevated nitrate (fig. 30).
The percentage of predicted detections of elevated nitrate

was determined by dividing the predicted probabilities for the
study areas into deciles, or 10 equal groupings. The percent-
ages of elevated nitrate detections within each group were
then calculated and examined using linear regression analysis
shown in figure 30. The nitrate models exhibited good calibra-
tion to the percentage of actual detections, with coefficient of
determination values of around 0.99. The models show reason-
able fits close to the 1:1 line.

Models using a nitrate concentration limit of 5 mg/L could
be compared using the Akaike information criterion (AIC) to
measure the relative quality of each model. AIC values for the
susceptibility model and two mid-level vulnerability models
were 56.4, 51.8, and 47.4, respectively (table 74, C, D). The
model with the lowest AIC considered the “best” model in
terms of information was model “D”’; mid-level vulnerability to
nitrate concentrations above 5 mg/L using 48 samples with data
from outlier wells 1 and 2 removed (table 7D). Based on the
AIC values, the two remaining models were less than 10 per-
cent as probable to minimize information loss, and would be
eliminated if only a single model could be selected. In con-
sidering McFadden’s rho (0.5) and supporting evidence from
the Hosmer-Lemeshow statistic (21.5 and p-value of 0.003), a
similar measure to McFadden’s rho, the mid-level vulnerabil-
ity model with two outliers removed was also the best overall
model (table 7D). In comparing vulnerability results, model “D”
was selected as the best model for determining probabilities of

detection of mid-level nitrate in groundwater. Moreover, given
the lower McFadden’s rtho, ROC, and AIC values of the suscep-
tibility model (table 74), it was concluded that natural physi-
cal factors do not fully explain nitrate in the groundwater. The
low-level vulnerability model (table 7B) provided supplemental
results to the mid-level vulnerability models. The low-level
vulnerability model was ranked on par with the best model for
mid-level vulnerability when considering ROC, total correct
predictions, and McFadden’s rho values.

Probability Maps

Probability maps of susceptibility and vulnerability
were generated from the four logistic regression models
(figs. 31-34). The susceptibility model considered natural
relations between mid-level (5 mg/L) nitrate concentrations
in the groundwater and climatic, hydrologic, and geologic
explanatory variables (fig. 31, table 74). Significant variables
were identified as depth to groundwater, soil organic matter,
and soil water storage to 25-cm depth. Areas in the central part
of the primary aquifer had the greatest depths to groundwater
and largest saturated thicknesses, and overall higher concen-
trations of nitrate in the groundwater (fig. 24). The majority
of agriculture was also located in the central part, although
agriculture was not examined directly when evaluating natural
variables in the susceptibility assessment. Areas with greatest
soil organic matter were located mainly in the western half
of the study area (fig. 10). Areas with highest soil organic
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Figure 30. Calibration evaluation of the four (A-D) logistic regression models developed in this investigation with details given

—N] greater than specified concentration limits

and the corresponding predicted probability of nitrate concentrations above the prescribed limits.

+NO;

2

in table 7. The analysis shows the percentage of observed nitrate [NO
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matter were generally coincident with low levels of nitrate in
groundwater, showing an inverse relation, possibly because

of nitrate reduction by organic matter oxidation near the land
surface (Appelo and others, 2005). Soil water storage to 25-cm
depth was hypothesized to be related to the flushing potential
required to mobilize nitrate toward the water table. Areas with
moderate to high available water storage were located in pock-
ets along the eastern flank of the study area and in isolated
areas to the north and west, with highest values observed near
creek channels (fig. 15).

Vulnerability assessments of nitrate in groundwater
included examining human effects related to land-use zoning,
septic use, and agricultural effects in addition to natural fac-
tors. Vulnerability to low-level (2.5 mg/L) nitrate in ground-
water was pervasive across the primary aquifer and related to
depth to groundwater, septic zoning, and soil organic matter
(fig. 32, table 7B). The results highlighted that septic zoning
affects low-levels of nitrate concentrations in groundwater.
The remaining indicator variables showed similar relations to
the susceptibility analysis. Mid-level (5 mg/L) vulnerability
was examined using all 50 samples and with 48 of the samples
with two outliers removed (figs. 33 and 34, table 7C and D).
Mid-level vulnerability using all 50 samples was related to
depth to groundwater, if a location was within the agricul-
tural region, simplified land use, soil water storage to 25-cm
depth, soil organic matter, and septic zoning within a 500-m
radius. The land-use categories were further simplified for the
logistic regression models because of sampling limitations into
three basic categories: (a) all residential lots, (b) grazing, and
(c) other land uses combined. Mid-level vulnerability using
48 samples produced the best overall fit and was related to the
same variables except septic zoning. Therefore, without con-
sidering the effects of outliers at wells 1 and 2, septic zonation
helped to distinguish only low-level nitrate concentrations,
which was interpreted to indicate that septic zoning influenced
low-level concentrations of nitrate in groundwater (table 7B).
Soil properties and land use including the agricultural region
were the main drivers of mid-level nitrate concentrations.

In general, the probabilities of exceeding low-level
nitrate concentrations and overall aquifer susceptibility were
high in most regions of the aquifer with the lowest probabili-
ties mainly to the northwest along thin geologic deposits with
shallow depth to groundwater (figs. 31-34). Probability of
exceeding mid-level nitrate concentrations was generally high
in the central part of the aquifer within the agricultural region
and variable in other areas, depending on whether data outliers
were considered in the analysis.

Limitations

There are limitations in the logistic regression approach
to evaluate aquifer susceptibility and aquifer vulnerability.
Logistic regression models do not simulate mechanisms
that drive nitrate concentrations in groundwater as could be
examined using a groundwater flow and transport model. The
logistic regression models were conditioned using a static

assessment of water quality from data collected in 2013 using
only 50 samples, limiting their effectiveness in fully character-
izing nitrate throughout the aquifer and for long-term projec-
tions under changing aquifer conditions. The probability maps
derived from logistic regression models show the likelihood
for areas to exceed low to moderate nitrate concentrations.
Probability is a statistical measure of how likely an event

will occur, which is not analogous to direct characterization.
Although the probability maps show predictions of detections
as a percent probability, there is uncertainty in model estimates
shown by standard errors of the regression coefficients as well
as operator biases from interpretative judgment and classify-
ing effects. A model is inherently a simplified and imperfect
representation of reality, but if developed well it will benefit
the intended study.

The susceptibility and vulnerability probability maps
produced from the logistic regression models provide base-
line results for developing a consistent rating method across
the study area but require verification at the field scale. The
models did not consider point-source contamination, focused
recharge, preferential groundwater flow, or other bypass mech-
anisms redirecting groundwater flow. Site-specific effects,
such as improper well construction and local spills of con-
taminants, were also not included in the models. A well in a
high-probability area is not necessarily contaminated, because
contamination also can depend on the form of contaminant
released, how much of that contaminant was released, and
other explanatory variables not reflected in the dataset and
therefore not taken into account by the logistic regression
models. Additional site-specific data are needed before site-
specific decisions are made, such as the design of a wastewa-
ter-disposal system. The maps should be used in conjunction
with expert field knowledge and direct field evaluations to pro-
vide a complete package of effective resource management.

Future Needs

Continued monitoring will be beneficial to evaluate
changes in water quality in the Upper Black Squirrel Creek
Basin. Future sampling could include filling spatial data gaps
where water quality has not been measured, particularly in
areas where land-use effects may be substantial. Overall, the
largest data gaps are in areas of the aquifer outside of the
agricultural region (fig. 21). Future sampling could target
potential chemical releases from subdivisions, commercial
operations, wastewater treatment plants, and irrigated areas to
better understand local effects to groundwater quality. Under
sampled land uses over relatively small portions of the study
areas, such as urban areas, industrial areas, residential lots less
than 2.5 acres, and commercial land should be directly identi-
fied to determine isolated, but potentially important effects
on water quality. Vertical stratification of groundwater quality
could be examined at a few locations to differentiate between
shallow and deep conditions in the primary aquifer, which was
not distinguished in the current investigation.
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Figure 31. Mid-level aquifer susceptibility (all samples) given as the probability of detecting nitrate concentrations in groundwater
greater than 5 milligrams per liter, Upper Black Squirrel Creek Basin, Colorado, 2013. Table 7A shows the model parameters and model
fit from logistic regression.
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Figure 32. Low-level aquifer vulnerability (all samples) given as the probability of detecting nitrate concentrations in groundwater
greater than 2.5 milligrams per liter, Upper Black Squirrel Creek Basin, Colorado, 2013. Table 7B shows the model parameters and model
fit from logistic regression.
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Figure 33. Mid-level aquifer vulnerability (all samples) given as the probability of detecting nitrate concentrations in groundwater
greater than 5 milligrams per liter, Upper Black Squirrel Creek Basin, Colorado, 2013. Table 7C shows the model parameters and model
fit from logistic regression.
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Figure 34. Mid-level aquifer vulnerability (two outliers removed) given as the probability of detecting nitrate concentrations in groundwater
greater than 5 milligrams per liter, Upper Black Squirrel Creek Basin, Colorado, 2013. Table 70 shows the model parameters and model fit from
logistic regression.



Over time, wells could be periodically monitored for
water quality, perhaps every couple of years, to evaluate
temporal trends. Wells sampled with fuel detections, particu-
larly the monitoring wells installed during this investigation
that showed fuel detections, could be resampled to confirm
residual contaminants from installation. Additional water-
level measurements through time will be beneficial to capture
seasonal and annual groundwater conditions in the aquifer.
Future assessments of water-quality and water-quantity data
collected over regular increments will help inform decision
makers on important issues of land-use planning and regional
development.

Additional geochemical techniques could be used to
improve characterization of factors that affect groundwater
quality. Although estimates of nitrogen contributions could be
associated indirectly to land use and septic use in the present
study, water-quality sampling was not designed to differenti-
ate between nitrate sources (that is, agricultural, human, and
livestock). Nitrogen and oxygen isotopes in nitrate could help
to define nitrate sources (Kendall and McDonnell, 1998).
Other methods to distinguish nitrate sources include analyses
of ammonia and sodium plus potassium in relation to nitrate
concentrations, for instance, to partition sources between agri-
culture and livestock. Sampling of both chloride and bromide
may be useful to distinguish septic system effects from other
nitrate sources (Mullaney and others, 2009). Constituents of
human origin such as caffeine, personal care products, and
pharmaceuticals could also be targeted, which discharge from
septic systems. Additional work could target defining types,
locations, and timing of nitrogen inputs to the primary aquifer.

A groundwater flow and transport model would be
useful to evaluate groundwater movement, groundwater—
surface-water interaction, and contaminant transport. Prior
groundwater flow models, while useful, performed mainly
basic assessments of the water budget (Buckles and Watts,
1988; Watts, 1995). Analyses from a comprehensive flow and
transport model could be used to examine transport pathways
and source areas associated with municipal and public-supply
wells (for example, Paschke, 2007). Examining transport
pathways and associated migration rates would provide esti-
mates of recovery times for constituents to move through the
aquifer, which is relevant to determining expected lag times
following changes in land use and development. Transport
times to evaluate recharge through the unsaturated zone could
also be important because of residual nitrate retained in the
soil; nitrate could continue to enter the groundwater from
recharge long after land-use changes have been in practice.
Other analyses could be used to determine wellhead protection
zones, which will be important considerations as development
continues for both selecting new site locations and in miti-
gating effects on water quality at existing wells. The effects
of proposed changes in land use and development could be
evaluated as a precursor to implementation, which would be
useful for planners to consider prior to finalizing legislation.
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Summary

The primary aquifer of the Upper Black Squirrel Creek
Basin is located about 25 kilometers east of Colorado Springs,
Colorado, and is a valuable source of water for irrigation,
domestic, and commercial use. Changes in land use and
development over the last decade, which include substan-
tial growth of subdivisions, have led to uncertainty on the
potential effects to water quality throughout the basin. This
study is the second project phase (Phase II) focused on char-
acterizing groundwater quality and groundwater age. As part
of this study, groundwater-quality samples were collected in
May and June 2013 from 50 randomly selected wells. The
set of 50 wells consisted of 42 established wells and 8 new
monitoring wells constructed at key locations to improve
data coverage, advance scientific understanding, and enhance
monitoring efforts.

Major-ion data indicate that groundwater representative
of the primary aquifer was classified as calcium-sodium bicar-
bonate type water. Other water samples from wells located
mainly along the periphery of the primary aquifer had cation-
anion compositions consistent with multiple water sources,
including groundwater inputs from the underlying bedrock
aquifers. These areas with differentiable water sources were
located mainly where alluvial deposits were thin and geologic
contacts to the underlying bedrock aquifers were relatively
shallow, which eventually mix with inputs of water from other
sources in the primary aquifer and become altered geochemi-
cally by the in-situ conditions.

Nitrate in groundwater was elevated above the esti-
mated background concentration of natural recharge waters
in 88 percent (44 of 50) of sites sampled. Nitrate concentra-
tions were above the U.S. Environmental Protections Agency
(EPA) maximum contaminant level (MCL) of 10 milligrams
per liter (mg/L) in 10 percent of the samples and above half
of the MCL (5 mg/L) in 54 percent of the samples. The
results show that human effects on nitrate concentrations in
groundwater are common in the study area, which is consistent
with regional findings across the Denver Basin determined
from alluvial and shallow bedrock wells. Dissolved-oxygen
concentrations exceeded 0.5 mg/L in 95 percent of reported
values (40 of 42 samples) and exceeded 2.0 mg/L in 90 per-
cent of reported values (38 of 42 samples). The oxidized
conditions observed in most areas indicate that nitrate from
fertilizers and animal or human waste was geochemically
stable and could persist in the groundwater for decades or
perhaps longer. For other constituents, secondary maximum
contaminant levels, which are not health concerns and affect
mainly taste, color, or odor of the water, were observed in rare
instances for pH (2 samples), chloride (1 sample), iron (3 sam-
ples), and manganese (8 samples). The secondary maximum
contaminant level for total dissolved solids was also exceeded
for two samples.
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Apparent groundwater ages were estimated from chloro-
fluorocarbons and tritium data by using models that assume
piston flow with binary mixing (dilution of a young com-
ponent with old, tracer-free water). The mean and median
groundwater ages were about 30 years and the standard
deviation was 6 years, indicating that most groundwater in the
primary aquifer originated from recharge to the aquifer in the
last few decades. The median fraction of post-1950s (young)
water was about 71 percent; remaining groundwater predated
the 1950s, which may have originated from deeper geologic
formations or may be caused by slow moving groundwater
within the primary aquifer. Some of the oldest groundwater
was observed in the upper reaches of the aquifer to the north-
west where surficial, unconsolidated sediment deposits are thin
and directly overlie the bedrock, supporting the paradigm of
geochemically distinct groundwater entering the primary aqui-
fer from below. Groundwater that had reached the central part
of the aquifer from upgradient areas of the basin was more
variable in age because of differences in flow paths and travel
velocities. The analysis showed that travel times through the
aquifer are usually on the order of decades. As a result, current
(2013) land-use practices around the time of this investigation
could affect water quality for decades to come, especially for
relatively stable constituents, such as nitrate under oxidized
geochemical conditions in the groundwater.

Fuel products (including acetone, benzene, diisopropyl
ether, ethylbenzene, methyl acetate, methyl tertiary butyl ether
(MTBE), methyl tert-pentyl ether, m- + p-xylene, o-xylene,
tert-amyl alcohol, tert-butyl alcohol, tert-butyl ethyl ether, and
toluene) were analyzed in groundwater from 49 of the 50 wells.
Water from 7 sites had detections for fuel compounds; all con-
centrations were below the MCLs. The sources of these detec-
tions were not identified. Future samples should be collected
in order to confirm whether fuel products were introduced to
the groundwater during drilling of the monitoring wells. The
analyses of fuel products provide a valuable baseline for land-
use planners to evaluate future trends of fuel constituents in the
groundwater as the region is further developed.

A historical analysis of nitrate concentrations mea-
sured at irregular locations and frequencies over the last
three decades showed that median nitrate concentrations
have increased approximately 1 mg/L from 4.3 to 5.4 mg/L,
although the distributions of observed nitrate for each period
examined were similar to one another. Moreover, direct
inspection indicates 60 percent reduction in the overall
increase in median nitrate concentrations from 1995 to 2015
as compared to 1985 to 1995, perhaps as nitrogen inputs
trended closer toward equilibrium with nitrogen exports from
the aquifer. Analyses of nitrate concentrations using non-
parametric correlation coefficients from the Kendall Tau-B,
Kendall Tau-C, and Spearman rank methods and the para-
metric correlation coefficient from the Pearson method show
values between about 0.05 and 0.15; indicating there may
have been small annual increases in nitrate over the study
area. Additional analyses were used to test the significance of

the predicted small annual increases in nitrate. Results from
the Kruskal-Wallis test did not differentiate between nitrate
distributions evaluated over 5-year periods with a p-value of
0.594, providing no indication there were significant increases
in nitrate beyond expected variability in the data. Moreover,
the Mann-Kendall test and seasonal (quarterly) Kendall test
used to remove seasonal fluctuations did not indicate signifi-
cant monotonic trends (increases) in nitrate concentration over
time with p-values above 0.350. Although it was determined
that nitrate concentrations may increase or decrease through
time at discrete locations, additional analyses did not show a
significant regional increase in nitrate concentration. Given
irregularities in the data record, however, the results were
interpreted as inconclusive for dismissing the potential for
regional changes in nitrate. Additional monitoring of ground-
water quality at established locations and sampling intervals
would be beneficial to examine temporal trends.

Nitrate concentrations in the groundwater were evalu-
ated for relations to land use, which showed that agriculture
and septic use were the primary sources of nitrate. An agri-
cultural region was defined using a sequence of land satellite
imagery from 1999, 2006, and 2014. The analysis of land
satellite imagery highlighted that crop locations have changed
over time and that recently irrigated crops are only one of
multiple potential nitrate sources affecting groundwater qual-
ity. Groundwater flow directions interpreted from median
water-table elevations measured from 2000 to 2013 were used
in conjunction with cropland locations to define the agricul-
tural region by encompassing potential pathways of nitrate
transport in the groundwater from nitrogen-based fertilizers.
Mann-Whitney and Kruskal-Wallis nonparametric statistical
tests show that median nitrate concentration (6.7 mg/L) was
significantly greater for areas inside the agricultural region as
compared to areas outside the agricultural region (2.3 mg/L).
Except for one outlier well (well 1) at the northern boundary
of the aquifer, the agricultural region contained all sample
locations with concentrations of nitrate in groundwater above
the EPA drinking-water standard (MCL of 10 mg/L). Outside
the agricultural region, analysis for septic use also showed
significantly higher nitrate concentrations in septic areas
(4.9 mg/L) compared to nonseptic areas (1.7 mg/L).

Inside the agricultural region, irrigation on crops was the
primary input of nitrate and accounted for about 65 percent
of all nitrate sources. Remaining nitrate contributions were
about 23 percent from septic systems, 8 percent from grazing,
4 percent from residential uses, and 0.1 percent from commer-
cial and county land uses combined, which included vacant
land. Outside the agricultural region, septic systems were the
primary source of nitrate and accounted for about 66 percent
of all nitrate sources. Remaining nitrate contributions were
18 percent from grazing, 15 percent from residential uses, and
1 percent from irrigation, commercial, and county land uses
combined. In terms of overall effect by land use, as measured
by nitrate loading per land-use area, irrigation on crops was
the dominant mechanism delivering nitrate to the groundwater.



Effluent from septic systems had the second highest effect

on nitrate loading to the groundwater. Areas of grazing and
residential uses showed comparable levels of nitrate effect but
at levels well below those of irrigation and septic uses. The
lowest effect occurred from commercial and county land uses.

Residential establishments drawing from wells in the
agricultural region raised a key point; it is important in addi-
tion to considering potential effects caused by land uses to
consider effects from surrounding land uses at their proposed
locations. Residential lots within the agricultural region, for
example, are more vulnerable to nitrate concentrations than
areas outside of the agricultural region.

Probability maps were developed from logistic regression
models to examine the potential for nitrate contamination in
the groundwater. A mid-level (5 mg/L) susceptibility analysis
examined natural relations between nitrate concentrations
and climatic, hydrologic, and geologic variables; significant
variables were identified as depth to groundwater, soil organic
matter, and soil water storage to 25-cm depth. Vulnerabil-
ity to low-level (2.5 mg/L) nitrate was best related to depth
to groundwater, septic zoning, and soil organic matter. The
results were interpreted to indicate that septic zoning affected
low-level nitrate concentrations (greater than 2.5 mg/L). After
removing two data outliers, mid-level (5.0 mg/L) vulnerability
was best related to depth to groundwater, land use, soil organic
matter, soil water storage to 25-cm depth, and if a location was
within the agricultural region. Overall, soil properties, land use
(including the agricultural region), and depth to groundwater
were the main factors related to nitrate in groundwater.

The results of this investigation offer the foundational
information needed for developing best management practices
to mitigate nitrate contamination, basic concepts to aid public
education, and information to guide regulatory measures if
policy makers determine this is warranted. Science-based
decision making will be critical for stabilizing groundwater
quality, preserving water supply for existing users, and ensur-
ing balanced economic growth. Continued monitoring of
water quality in the Upper Black Squirrel Creek Basin will be
needed to evaluate potential effects on water quality and to fill
existing data gaps. The process of lowering nitrate concentra-
tions in groundwater under stable geochemical conditions by
changes in land use will likely be gradual, controlled in part
by hydrodynamics of the aquifer and geochemical conditions.
In practical terms, planning decisions enacted today could be
important for several decades to come.
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Table 1-1.

Wells to estimate historical depth to groundwater during 1975-2015, set 1 of 4.

[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum
of 1988. Information from USGS NWIS, http://dx.doi.org/10.5066/F7P55KIN]

. . . . Elevation

Data Site Station Data Latitude, Longitude, !

Purpose source Agency identification name type NAD 83 NAD 83 :An‘:;:fs
Historical NWIS USGS 384256104241102 SC01506325BCC2 Manual 38.7155833  -104.4030278 1,723
Historical NWIS USGS 384652104231701 SC01406336DDD Manual 38.78102778 -104.3879167 1,784
Historical NWIS USGS 384743104220501 SC01406232BBB Manual 38.79527299 -104.3685751 1,789
Historical NWIS USGS 384927104230101 SC01406218CCD1 Manual 38.82416149 -104.3841313 1,821
Historical NWIS USGS 384929104210201 SC01406217DDD Manual 38.82471675 -104.3510749 1,810
Historical NWIS USGS 385015104242201 SC01406314AAA1 Manual 38.83749478 —104.406632 1,843
Historical NWIS USGS 385017104210301 SCO01406217AAA Manual 38.83804984 -104.3513528 1,821
Historical NWIS USGS 385017104220601 SC01406217BBB Manual 38.83804999 -104.3688532 1,824
Historical NWIS USGS 385111104220601 SC01406205CCC Manual 38.8530497 —-104.3688534 1,838
Historical NWIS USGS 385113104210401 SC01406205DDD Manual 38.8536051 —-104.3516307 1,837
Historical NWIS USGS 385130104214201 SC146205CAA2 Manual 38.85832734 -104.3621865 1,840
Historical NWIS USGS 385234104220501 SC01306232BCC Manual 38.87610485 —-104.3685757 1,860
Historical NWIS USGS 385247104331501 SCO01306433AAD1 Manual 38.8797169 —-104.5546917 1,981
Historical NWIS USGS 385256104223501 SC01306231ABB Manual 38.8822159 —-104.3769093 1,871
Historical NWIS USGS 385319104220501 SC01306229CBB Manual 38.8886046 —104.3685758 1,870
Historical NWIS USGS 385345104221201 SCO01306230AAA Manual 38.8958267 —-104.3705204 1,878
Historical NWIS USGS 385436104233701 SC01306324ABB2 Manual 38.90999335 -104.3941322 1,906
Historical NWIS USGS 385439104223601 SC01306219ABB Manual 38.9108265 —104.3771873 1,892
Historical NWIS USGS 385609104361102 SC01306407BDB Manual 38.93582709 -104.6035824 2,085
Historical NWIS USGS 385808104224101 SC01206230CDD1 Manual 38.968881 -104.3785767 1,953
Historical NWIS USGS 385609104361102 SC01306407BDB Manual 38.93582709 -104.6035824 2,085
Historical NWIS USGS 385609104361102 SC01306407BDB Manual 38.93582709 -104.6035824 2,085
Historical NWIS USGS 384323104233801 SC01506325ABB2 Manual  38.723052 —104.3944092 1,726
Historical NWIS USGS 384348104233001 SC01506324DBA Manual 38.7299964 —104.3921868 1,732
Historical NWIS USGS 384442104243201 SCO01506314ACD Manual 38.74477778 -104.4085833 1,758
Historical NWIS USGS 384756104213301 SC01406229DCB Manual 38.79888396 -104.359686 1,787
Historical NWIS USGS 384814104205801 SC01406221CCB Manual 38.80388378 —104.3499636 1,799
Historical NWIS USGS 385055104214701 SC01406208BDB Manual 38.8486053 —-104.3635754 1,831
Historical NWIS USGS 385204104245301 SC01306335DCC Manual 38.86744444 -104.4131944 1,873
Historical NWIS USGS 385215104215601 SC01306232CCA Manual 38.8695833 —104.367 1,848
Historical NWIS USGS 385247104223501 SC01306231ABB Manual 38.87971597 -104.3769093 1,900
Historical NWIS USGS 385539104222401 SC01306207DCA Manual 38.92749285 -104.373854 1,906
Historical NWIS USGS 385658104233501 SC01306301ACB Manual 38.94943707 -104.3935769 1,932
Historical NWIS USGS 385712104233001 SCO01306301ABA3 Manual 38.95332588 -104.392188 1,934
Historical NWIS USGS 384756104213301 SC01406229DCB Manual 38.79888396 -104.359686 1,787
Historical NWIS USGS 385247104223501 SC01306231ABB Manual 38.87971597 -104.3769093 1,900
Historical NWIS USGS 385658104233501 SC01306301ACB Manual 38.94943707 -104.3935769 1,932
Historical NWIS USGS 384756104213301 SC01406229DCB Manual 38.79888396 -104.359686 1,787
Historical NWIS USGS 385247104223501 SC01306231ABB Manual 38.87971597 -104.3769093 1,900
Historical NWIS USGS 385658104233501 SC01306301ACB Manual 38.94943707 -104.3935769 1,932
Historical NWIS USGS 384544104222001 SC01506207AD Manual 38.7621111  -104.3723694 1,765
Historical NWIS USGS 384823104224001 SC01406230AB Manual 38.8064 —104.3777194 1,798
Historical NWIS USGS 385148104233101 SC01406301AD Manual 38.8633611 —104.392 1,854
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Table 1-2. Wells to estimate historical depth to groundwater during 1975-2015, set 2 of 4.

Appendix 1

n

[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum
of 1988. Information from USGS NWIS, http://dx.doi.org/10.5066/F7P55KIN]

. . . . Elevation

Data Site Station Data Latitude, Longitude, !

Purpose source Agency identification name type NAD 83 NAD 83 :An‘:;:fs
Historical NWIS USGS 385202104203201 SC01406204 Manual  38.86723889 —104.3421806 1,849
Historical NWIS USGS 385204104214801 SC01306232CD Manual 38.8678111 —104.3633306 1,881
Historical NWIS USGS 385209104252001 SC01306335CC Manual  38.86911944 —104.4222194 1,868
Historical NWIS USGS 385227104231402  SC01306231 Manual  38.87418056 —104.3873694 1,866
Historical NWIS USGS 385246104262201 SC01306334BB Manual  38.8795 —104.4394806 1,904
Historical NWIS USGS 385439104263501 SC01306316DD Manual  38.9109111  —104.44305 1,934
Historical NWIS USGS 385458104210101 SC01306216CB Manual 38.91618889 —104.3502694 1,907
Historical NWIS USGS 385530104270601 SC01306316BA Manual  38.9250111 —104.4517306 1,952
Historical NWIS USGS 385546104232201 SC01306312DA Manual  38.92931944 —-104.3893694 1,920
Historical NWIS USGS 385613104362801 SC01306512AD Manual  38.93703056 —104.6079306 2,089
Historical NWIS USGS 385630104343901 SC01306405DC Manual  38.9415611 —104.5774806 2,084
Historical NWIS USGS 385712104260201 SC01306303 Manual  38.95321944 —-104.4340306 1,974
Historical NWIS USGS 390058104301101 SC01206412CB Manual  39.01601944 —104.5029639 2,080
Historical NWIS USGS 390134104290201 SC01206307AB Manual  39.02601389 —104.483825 2,072
Historical NWIS USGS 384544104222001 SC01506207AD Manual  38.7621111  —104.3723694 1,765
Historical NWIS USGS 384823104224001 SC01406230AB Manual  38.8064 -104.3777194 1,798
Historical NWIS USGS 385148104233101 SC01406301AD Manual  38.8633611 —104.392 1,854
Historical NWIS USGS 385202104203201 SC01406204 Manual  38.86723889 —104.3421806 1,849
Historical NWIS USGS 385204104214801 SC01306232CD Manual 38.8678111 —104.3633306 1,881
Historical NWIS USGS 385209104252001 SC01306335CC Manual 38.86911944 —-104.4222194 1,868
Historical NWIS USGS 385227104231402  SC01306231 Manual  38.87418056 —104.3873694 1,866
Historical NWIS USGS 385246104262201 SC01306334BB Manual  38.8795 —104.4394806 1,904
Historical NWIS USGS 385439104263501 SC01306316DD Manual 38.9109111 —104.44305 1,934
Historical NWIS USGS 385458104210101 SC01306216CB Manual  38.91618889 —104.3502694 1,907
Historical NWIS USGS 385530104270601 SC01306316BA Manual  38.9250111 —104.4517306 1,952
Historical NWIS USGS 385546104232201 SC01306312DA Manual  38.92931944 —-104.3893694 1,920
Historical NWIS USGS 385613104362801 SC01306512AD Manual  38.93703056 —104.6079306 2,089
Historical NWIS USGS 385630104343901 SC01306405DC Manual 38.9415611 —104.5774806 2,084
Historical NWIS USGS 385712104260201 SC01306303 Manual  38.95321944 —104.4340306 1,974
Historical NWIS USGS 390058104301101 SC01206412CB Manual  39.01601944 —104.5029639 2,080
Historical NWIS USGS 390134104290201 SC01206307AB Manual  39.02601389 —104.483825 2,072
Historical NWIS USGS 384317104231401 SC01506324DAA Manual  38.7213853  —104.3877423 1,730
Historical NWIS USGS 384318104241001 SC01506325BBB1 Manual  38.7216632  —104.4032983 1,730
Historical NWIS USGS 384318104241501 SCO01506326AAA1 Manual  38.7216632 —104.4046872 1,729
Historical NWIS USGS 384321104233001 SC01506325ABB1 Manual  38.72249645 —104.3921869 1,725
Historical NWIS USGS 384348104232201 SC01506324DAB Manual  38.7301111  —104.3908333 1,731
Historical NWIS USGS 384415104241501 SC01506314DDD1 Manual  38.73749645 —104.404687 1,749
Historical NWIS USGS 384440104241501 SC01506314DAA1 Manual  38.74444085 -104.404687 1,755
Historical NWIS USGS 384442104230801 SC01506313ADDI1 Manual  38.7449962 —104.3860754 1,748
Historical NWIS USGS 384505104241601 SCO01506314AAA1 Manual  38.7513852  —104.4049648 1,766
Historical NWIS USGS 384506104241301 SC01506313BBB1 Manual  38.7515463  —104.4047203 1,766
Historical NWIS USGS 384532104235601 SC01506312CABI Manual  38.75888504 —104.399409 1,771
Historical NWIS USGS 384547104232601 SCO01506312AAC Manual 38.76305156 —104.3910756 1,768
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Table 1-3. Wells to estimate historical depth to groundwater during 1975-2015, set 3 of 4.

[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum
of 1988. Information from USGS NWIS, http://dx.doi.org/10.5066/F7P55KIN]

. . . . Elevation

Data Site Station Data Latitude, Longitude, )

Purpose source Agency identification name type NAD 83 NAD 83 ﬁAan:fs
Historical NWIS USGS 384743104210001 SC01406232AAC Manual  38.7952728 -104.350519 1,785
Historical NWIS USGS 384753104205901 SC01406228CCB Manual  38.79805056 —104.3502413 1,787
Historical NWIS USGS 384824104211201 SC01406229ADB Manual  38.80666155 —104.3538526 1,793
Historical NWIS USGS 384834104215701 SC01406229BBBA Manual  38.80944444 -104.3665556 1,798
Historical NWIS USGS 384834104215704 SC01406229BBA Manual  38.80926667 —104.3665333 1,803
Historical NWIS USGS 384836104221001 SC01406219DDD Manual  38.80999496 —104.3699642 1,800
Historical NWIS USGS 384853104205001 SC01406221CBD Manual  38.8147169 —-104.3477414 1,798
Historical NWIS USGS 384854104213301 SC01406220DBC Manual  38.81499478 —104.3596862 1,802
Historical NWIS USGS 384918104205801 SC01406221BBB Manual  38.8216612 —104.3499637 1,808
Historical NWIS USGS 384928104220901 SC01406218DDD Manual  38.82443914 -104.3696865 1,816
Historical NWIS USGS 384938104204001 SC01406216CDB Manual  38.828 —104.3459722 1,812
Historical NWIS USGS 384953104230001 SC01406218BCC Manual  38.83138358 —104.3838536 1,829
Historical NWIS USGS 385005104221901 SC01406218ADB1 Manual  38.83455556 -104.3736389 1,825
Historical NWIS USGS 385015104213301 SC01406217ABB Manual  38.83749437 —104.3596863 1,821
Historical NWIS USGS 385016104230901 SC01406218BBB Manual  38.83777238 —-104.3863537 1,821
Historical NWIS USGS 385038104213901 SC01406208CAD Manual  38.84388316 -104.361353 1,827
Historical NWIS USGS 385110104214001 SC01406208BAA Manual  38.85277189 -104.3616309 1,835
Historical NWIS USGS 385111104214401 SC01406205CAA Manual  38.85304967 -104.362742 1,837
Historical NWIS USGS 385111104214402 SCO1406205CAA4 Manual  38.85304967 -104.362742 1,840
Historical NWIS USGS 385113104225301 SC01406206CDC Manual  38.85360538 —104.3819093 1,847
Historical NWIS USGS 385129104204001 SC01406205CAA3 Manual  38.8580494 —104.3449639 1,839
Historical NWIS USGS 385129104214201 SC01406205CAD1 Manual  38.85804957 -104.3621865 1,839
Historical NWIS USGS 385130104214202 SC146205CAA3 Manual  38.85832734 -104.3621865 1,840
Historical NWIS USGS 385136104303801 SC01406401CABI Manual  38.8601646 —104.5114044 1,937
Historical NWIS USGS 385153104215701 SC01406205BBB2 Manual  38.86471615 -104.3663534 1,844
Historical NWIS USGS 385156104220301 SCO1406205BBB3 Manual  38.86554949 —104.36802 1,848
Historical NWIS USGS 385203104220901 SC01406205BBB Manual  38.8674939 —104.3696868 1,844
Historical NWIS USGS 385206104212601 SC01306232DCD Manual  38.8683271 —104.357742 1,850
Historical NWIS USGS 385229104223601 SC01306231ACC Manual  38.87507718 —104.3783204 1,865
Historical NWIS USGS 385229104223602 SC01306231ACC3 Manual  38.87471607 —104.377187 1,865
Historical NWIS USGS 385230104223401 SC01306231ACC2 Manual  38.8749938 —-104.3766315 1,865
Historical NWIS USGS 385243104213601 SC01306232ABC Manual  38.8786047 —104.36052 1,859
Historical NWIS USGS 385323104224001 SC01306230ACCl1 Manual  38.8897158 —104.3782983 1,877
Historical NWIS USGS 385323104224002 SC01306230ACC2 Manual  38.8897158 —104.3782983 1,877
Historical NWIS USGS 385323104224003 SC01306230ACC3 Manual  38.8897158 —104.3782983 1,877
Historical NWIS USGS 385346104231301 SCO01306325AAA Manual  38.89610466 —104.3874653 1,890
Historical NWIS USGS 385349104230201 SC01306219CCC3 Manual  38.89693795 —104.3844096 1,890
Historical NWIS USGS 385349104230301 SC01306219CCC4 Manual  38.89693795 —104.3846874 1,890
Historical NWIS USGS 385349104230501 SC01306219CCC2 Manual  38.89693795 -104.385243 1,890
Historical NWIS USGS 385349104230901 SC01306219CCC1 Manual  38.89693796 —104.3863541 1,891
Historical NWIS USGS 385354104225601 SC01306219CDB2 Manual  38.8983268 —104.3827429 1,889
Historical NWIS USGS 385354104225701 SC01306219CDB Manual  38.8983268 —104.3830207 1,889
Historical NWIS USGS 385503104230001 SC01306218CBA Manual 38.9174931 —104.3838542 1,905
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Table 1-4. Wells to estimate historical depth to groundwater during 1975-2015, set 4 of 4.

Appendix 1
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[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum
of 1988. Information from USGS NWIS, http://dx.doi.org/10.5066/F7P55KIN]

. . . . Elevation

Data Site Station Data Latitude, Longitude, '

Purpose source Agency identification name type NAD 83 NAD 83 :\rllAn‘:e[z)l:fs
Historical NWIS USGS 385543104221701 SC01306207DDB Manual  38.9286039 —-104.3719095 1,908
Historical NWIS USGS 385557104230801 SC01306207CBB2 Manual  38.93249287 -104.3860766 1,918
Historical NWIS USGS 385603104230501 SC01306207BCB2 Manual 38.93472615 -104.3852044 1,916
Historical NWIS USGS 385603104230701 SC01306207BCC Manual 389341595 —-104.3857988 1,917
Historical NWIS USGS 385604104230201 SC01306207BCB1 Manual  38.93471504 -104.3849655 1,916
Historical NWIS USGS 385604104230202  SC01306207BCB Manual  38.9349928 —104.3849655 1,915
Historical NWIS USGS 385605104225901 SC01306207BCA2 Manual  38.93527058 -104.3844099 1,916
Historical NWIS USGS 385606104225601 SC01306207BCA1 Manual 38.93527058 -104.3838543 1,916
Historical NWIS USGS 385608104233401 SC01306312ACA2 Manual 38.9355484 —-104.393299 1,927
Historical NWIS USGS 385608104233601 SCO01306312ACA1 Manual 38.9355484 —104.3938546 1,927
Historical NWIS USGS 385608104233701 SC01306312ACB Manual 38.9355484 -104.3941324 1,927
Historical NWIS USGS 385608104233702  SCO01306312ACB2 Manual 38.9350429 —104.395588 1,929
Historical NWIS USGS 385711104232800 SC01306301ABA1 Manual 389530481 -104.3916324 1,935
Historical NWIS USGS 385727104225101 SC01206231CDB Manual 38.95631184 -104.38201 1,937
Historical NWIS USGS 385848104230801 SC01206230BBC Manual 38.9796 —104.3855194 1,959
Historical NWIS USGS 384348104232201 SC01506324DAB Manual 38.7301111  —-104.3908333 1,731
Historical NWIS USGS 384547104232601 SC01506312AAC Manual  38.76305156 -104.3910756 1,768
Historical NWIS USGS 384834104215704  SCO01406229BBA Manual  38.80926667 —104.3665333 1,803
Historical NWIS USGS 384854104213301 SC01406220DBC Manual 38.81499478 —-104.3596862 1,802
Historical NWIS USGS 385111104214401 SC01406205CAA Manual  38.85304967 -104.362742 1,837
Historical NWIS USGS 385136104303801 SC01406401CABI Manual 38.8601646 —104.5114044 1,937
Historical NWIS USGS 385203104220901 SC01406205BBB Manual 38.8674939 —-104.3696868 1,844
Historical NWIS USGS 385229104223601 SC01306231ACC Manual 38.87507718 -104.3783204 1,865
Historical NWIS USGS 385250104255401 SC01306334ABB Manual 38.88054978 —-104.4321886 1,900
Historical NWIS USGS 385323104224001 SC01306230ACC1 Manual 38.8897158 —104.3782983 1,877
Historical NWIS USGS 385354104225701 SC01306219CDB Manual 38.8983268 —104.3830207 1,889
Historical NWIS USGS 385608104233702  SC01306312ACB2 Manual 38.9350429 —104.395588 1,929
Historical NWIS USGS 385727104225101 SC01206231CDB Manual 3895631184 -104.38201 1,937
Historical NWIS USGS 385848104230801 SC01206230BBC Manual 38.9796 -104.3855194 1,959
Historical NWIS USGS 384348104232201 SC01506324DAB Manual  38.7301111  —104.3908333 1,731
Historical NWIS USGS 384547104232601 SCO01506312AAC Manual 38.76305156 -104.3910756 1,768
Historical NWIS USGS 384834104215704  SCO01406229BBA Manual  38.80926667 —104.3665333 1,803
Historical NWIS USGS 384854104213301 SC01406220DBC Manual  38.81499478 —104.3596862 1,802
Historical NWIS USGS 385111104214401 SC01406205CAA Manual 38.85304967 -104.362742 1,837
Historical NWIS USGS 385136104303801 SC01406401CAB1 Manual 38.8601646 —104.5114044 1,937
Historical NWIS USGS 385203104220901 SC01406205BBB Manual 38.8674939 —104.3696868 1,844
Historical NWIS USGS 385229104223601 SC01306231ACC Manual 38.87507718 -104.3783204 1,865
Historical NWIS USGS 385250104255401 SC01306334ABB Manual 38.88054978 -104.4321886 1,900
Historical NWIS USGS 385323104224001 SC01306230ACCl1 Manual 38.8897158 —104.3782983 1,877
Historical NWIS USGS 385354104225701 SC01306219CDB Manual 38.8983268 —104.3830207 1,889
Historical NWIS USGS 385608104233702  SCO01306312ACB2 Manual 38.9350429 —-104.395588 1,929
Historical NWIS USGS 385727104225101 SC01206231CDB Manual 38.95631184 -104.38201 1,937
Historical NWIS USGS 385848104230801 SC01206230BBC Manual 38.9796 —104.3855194 1,959
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Table 1-5. Wells used to evaluate median water-table elevations during 2000-2013, set 1 of 2.

[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum
of 1988; dtw, depth to groundwater. Information from USGS NWIS, http://dx.doi.org/10.5066/F7P55KIN]

Purpose Data Agency Site Station Data Latitude, Longitude, Elevation, "gg:(;f'z‘o‘:g""
source identification name type NAD 83 NAD 83 NAVD 88 in meters'
Map NWIS USGS 384544104222001 SCO01506207AD Manual 38.762111 —104.372369 1,765 12.8
Map NWIS USGS 384823104224001 SC01406230AB Manual  38.8064 -104.377719 1,798 28.7
Map NWIS USGS 385148104233101 SCO01406301AD Manual 38.863361 —104.392 1,854 16.6
Map NWIS USGS 385202104203201 SC01406204 Manual 38.867239 —104.342181 1,849 9.7
Map NWIS USGS 385204104214801 SC01306232CD Manual 38.867811 —104.363331 1,881 2.7
Map NWIS USGS 385209104252001 SC01306335CC Manual 38.869119 —104.422219 1,868 10.3
Map NWIS USGS 385227104231402 SC01306231 Manual 38.874181 —104.387369 1,866 13.7
Map NWIS USGS 385246104262201 SC01306334BB Manual  38.8795 —104.439481 1,904 16.6
Map NWIS USGS 385250104255401 SCO01306334ABB  Manual 38.88055 —104.432189 1,900 9.9
Map NWIS USGS 385439104263501 SC01306316DD Manual 38910911 -104.44305 1,934 4.2
Map NWIS USGS 385458104210101 SC01306216CB Manual 38916189 —104.350269 1,907 15.7
Map NWIS  USGS 385530104270601 SC01306316BA Manual  38.925011 -104.451731 1,952 3.6
Map NWIS USGS 385546104232201 SCO01306312DA Manual  38.929319 -104.389369 1,920 30.4
Map NWIS USGS 385613104362801 SC01306512AD Manual 38.937031 -104.607931 2,089 1.6
Map NWIS USGS 385630104343901 SC01306405DC Manual 38.941561 —104.577481 2,084 0.9
Map NWIS USGS 385712104260201 SCO01306303 Manual 38953219 -104.434031 1,974 3.6
Map NWIS USGS 390058104301101 SC01206412CB Manual  39.016019 —104.502964 2,080 2.7
Map NWIS  USGS 390104104335901 SCO01206409CA Manual 39.017889 —104.56645 2,155 1.2
Map NWIS USGS 390116104225701 SC01206207 Manual  39.02125  -104.382561 2,021 232
Map NWIS USGS 390134104290201 SC01206307AB Manual  39.026014 —104.483825 2,072 3.9
Map NWIS USGS 385256104223501 SCO01306231ABB ~ Manual 38.882216 —104.376909 1,871 29.2
Map NWIS USGS 385345104221201 SCO01306230AAA  Manual 38.895827 —104.37052 1,878 7.6
Map NWIS USGS 385347104231001 SCO01306219CCC ~ Manual 38.896382 —104.386632 1,890 34.1
Map NWIS USGS 385111104220601 SC01406205CCC  Manual 38.85305  —104.368853 1,838 22.4
Map NWIS USGS 385234104220501 SCO01306232BCC ~ Manual 38.876105 -104.368576 1,860 21.2
Map NWIS USGS 385436104233701 SCO01306324ABB2 Manual 38.909993 —104.394132 1,906 21.1
Map NWIS USGS 385440104231001 SCO01306219BBB2 Manual 38.911104 —104.386632 1,903 36.5
Map NWIS USGS 384938104204001 SC01406216CDB  Manual 38.828 —104.345972 1,812 10.9
Map NWIS USGS 385215104215601 SCO01306232CCA  Manual 38.869583 —104.367 1,848 22.6
Map NWIS USGS 384652104231701 SC01406336DDD  Manual 38.781028 —104.387917 1,784 29.9
Map NWIS USGS 385113104210401 SC01406205DDD  Manual 38.853605 —104.351631 1,837 11.8
Map NWIS USGS 385439104223601 SCO01306219ABB ~ Manual 38.910826 —104.377187 1,892 10.1
Map NWIS USGS 385243104213601 SCO01306232ABC  Manual 38.878605 —104.36052 1,859 10.3
Map NWIS  USGS 385319104220501 SC01306229CBB  Manual 38.888605 —104.368576 1,870 10.6
Map NWIS USGS 385204104245301 SCO01306335DCC  Manual 38.867444 —-104.413194 1,873 14.4
Map NWIS USGS 385335104212701 SCO01306229ACB  Manual 38.893049 -104.35802 1,873 5.1
Map NWIS USGS 385156104220301 SCO1406205BBB3 Manual 38.865549 —104.36802 1,848 25.4
Map NWIS USGS 385153104215701 SC01406205BBB2 Manual 38.864716 —104.366353 1,844 25.0
Map NWIS USGS 385203104220901 SC01406205BBB ~ Manual 38.867494 —104.369687 1,844 25.7
Map NWIS USGS 384256104241102 SCO01506325BCC2 Manual 38.715583 —104.403028 1,723 23.0
Map NWIS USGS 384348104232201 SC01506324DAB  Manual 38.730111 —104.390833 1,731 11.7
Map NWIS  USGS 385439104213301 SCO01306220ABB ~ Manual  38.910826 —104.359687 1,892 12.5
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Table 1-6. Wells used to evaluate median water-table elevations during 2000-2013, set 2 of 2.

Appendix 1
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[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum
of 1988; dtw, depth to groundwater. Information from USGS NWIS, http://dx.doi.org/10.5066/F7P55KIN]

Purpose Data Agency Site Station Data Latitude, Longitude, Elevation, “g&;‘:;o(:g”
source identification name type NAD 83 NAD 83 NAVD 88 in meters’
Map NWIS USGS 385111104214401 SCO01406205CAA Manual 38.85305 —104.362742 1,837 243
Map NWIS USGS  385129104204001 SCO01406205CAA3 Manual 38.858049 -104.344964 1,839 24.2
Map NWIS USGS  385230104223401 SCO01306231ACC2 Manual 38.874994 —104.376632 1,865 28.6
Map NWIS USGS  385229104223602 SCO01306231ACC3  Manual 38.874716 —104.377187 1,865 29.3
Map NWIS USGS  385604104230201 SC01306207BCB1  Manual 38.934715 -104.384966 1,916 20.6
Map NWIS USGS  385323104224003 SCO01306230ACC3 Manual 38.889716 —104.378298 1,877 32.5
Map NWIS USGS  385354104225601 SCO01306219CDB2  Manual 38.898327 —104.382743 1,889 33.8
Map NWIS USGS  385605104225901 SCO01306207BCA2 Manual 38.935271 -104.38441 1,916 20.3
Map NWIS USGS 385606104225601 SC01306207BCA1  Manual 38.935271 —104.383854 1,916 19.8
Map NWIS USGS  385603104230501 SCO01306207BCB2  Manual 38.934726 —104.385204 1,916 20.9
Map NWIS USGS  385354104225701 SC01306219CDB Manual 38.898327 —104.383021 1,889 342
Map NWIS USGS  385604104230202 SC01306207BCB Manual 38.934993 —104.384966 1,915 20.8
Map NWIS USGS  384442104243201 SCO01506314ACD Manual 38.744778 —104.408583 1,758 38.1
Map NWIS USGS 385005104221901 SC01406218ADB1  Manual 38.834556 —104.373639 1,825 24.6
Map NWIS USGS 385608104233401 SCO01306312ACA2 Manual 38.935548 —104.393299 1,927 20.2
Map NWIS USGS  385608104233601 SCO01306312ACA1 Manual 38.935548 —104.393855 1,927 20.2
Map NWIS USGS  385608104233702 SCO01306312ACB2 Manual 38.935043 —-104.395588 1,929 20.5
Map NWIS USGS 384834104215701 SC01406229BBBA  Manual 38.809444 —104.366556 1,798 24.5
Map NWIS USGS  384834104215704 SCO01406229BBA Manual 38.809267 —104.366533 1,803 24.5
Map NWIS USGS  385848104230801 SC01206230BBC Manual 38.9796 —104.385519 1,959 7.4
Map NWIS USGS 385250104331301 SCO01306433AAA1 Manual 38.880472 —104.554028 1,978 2.3
Map NWIS USGS  385603104230701 SC01306207BCC Manual 38.93416 —104.385799 1,917 19.8
Map NWIS USGS 385608104233701 SCO01306312ACB Manual 38.935548 —104.394132 1,927 19.9
Map NWIS USGS  384918104205801 SC01406221BBB Manual 38.821661 —104.349964 1,808 12.0
Map NWIS USGS 385016104230901 SC01406218BBB Manual 38.837772 -104.386354 1,821 27.3
Map NWIS USGS 385129104214201 SC01406205CAD1 Manual 38.85805 —104.362187 1,839 24.4
Map NWIS USGS  385113104225301 SC01406206CDC Manual 38.853605 —104.381909 1,847 21.5
Map NWIS USGS  385229104223601 SCO01306231ACC Manual 38.875077 —104.37832 1,865 31.0
Map NWIS USGS 385136104303801 SC01406401CAB1  Manual 38.860165 —104.511404 1,937 14.2
Map NWIS USGS  385247104223501 SCO01306231ABB Manual 38.879716 —104.376909 1,900 27.5
Map NWIS USGS  385727104225101 SC01206231CDB Manual 38.956312 -104.38201 1,937 5.5
Map Hydrobase DWR  SC01206324CC BS-22A Manual 38.986747 —104.403989 1,978 2.7
Map Hydrobase DWR  SCO01406324AA  BS-23 Manual 38.825104 —104.387437 1,823 294
Map Hydrobase DWR  SC01406229AB BS-31 Manual 38.807218 —104.35878 1,792 21.0
Map Hydrobase DWR  SC01406221CC BS-30 Manual 38.81279 —104.349469 1,798 10.9
Map Hydrobase DWR  SCO01406323AAA BS-SLB4 Manual 38.823418 —104.405831 1,829 45.7
Map  Topper (2008) CGS  385015104213301 SC01406217ABB Manual 38.837494 —-104.359686 1,821 27.4
Map  Topper (2008) CGS  384953104230001 SC01406218BCC Manual 38.831384 —104.383854 1,829 293
Map  Topper (2008) CGS  385055104214701 SC01406208BDB Manual 38.848605 —104.363575 1,831 26.8
Map  Topper (2008) CGS  384743104220501 SC01406232BBB Manual 38.795273 -104.368575 1,789 22.5
Map  Topper (2008) CGS  385754104252001 SC01206335BBC Manual 38.964993 —104.422744 1,979 22.6
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Table 1-7. Wells used to evaluate median nitrate concentration during 1985-2013, set 1 of 2.

[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983. Information from USGS NWIS,
http://dx.doi.org/10.5066/F7P55KJN]

Purpose Data Agency Site Station Data Latitude, Longitude,
source identification name type NAD 83 NAD 83

Historical NWIS USGS 383702104405300 SC01606533BCB Manual ~ 38.61722 —104.681917

Historical NWIS USGS 383704104410900 SC01606532AAC Manual 38.61777556 —104.6863616
Historical NWIS USGS 383720104410601 SC01606529DDC Manual ~ 38.62221995 -104.6855282
Historical NWIS USGS 383757104412200 SC01606529ABC Manual  38.63249757 -104.6899726
Historical NWIS USGS 383820104411401 SC01606520DCA Manual 38.63888638 —104.6877503
Historical NWIS USGS 383952104405600 SC01606517AAA2 Manual  38.6644416  —104.6827498
Historical NWIS USGS 384056104415601 SC01606505CCB Manual ~ 38.68221906 —104.6994166
Historical NWIS USGS 384139104244501 SC01506335DC Manual 38.69411667 —-104.4125333
Historical NWIS USGS 384230104241401 SCO01506335AA Manual 387083111  —104.4039194
Historical NWIS USGS 384318104245901 SC01506326BAB Manual ~ 38.72166335 —104.4169098
Historical NWIS USGS 384321104235901 SC 15-63-25BBA Manual 38.7224965  —104.4002427
Historical NWIS USGS 384333104241301 SC01506324CC Manual ~ 38.72583056 —104.4035389
Historical NWIS USGS 384339104390001 SC01506522DBD Manual ~ 38.72749648 —104.6505262
Historical NWIS USGS 384345104241401 SC01506324CBB Manual 38.72906318 —104.4042705
Historical NWIS USGS 384347104385901 SC01506522DBA4 Manual ~ 38.72971868 —104.6502484
Historical NWIS USGS 384348104232201 SC01506324DAB Manual ~ 38.7301111  —104.3908333
Historical NWIS USGS 384348104391201 SC01506522DBB2 Manual 38.7299964  —104.6538595
Historical NWIS USGS 384349104232300 SC15-63-24DAB Manual ~ 38.73027416 —104.3902423
Historical NWIS USGS 384349104390401 SC01506522DBA1 Manual ~ 38.7302742  —104.6516373
Historical NWIS USGS 384349104411501 PIPE LINE Manual 38.73027399 —-104.6880269
Historical NWIS USGS 384448104222801 SC01506218ACB Manual  38.74666279 —104.3749639
Historical NWIS USGS 384506104235001 SC01506313BAA Manual  38.75163889 —104.3973611
Historical NWIS USGS 384509104233901 SC01506312DCC Manual 38.7524962  -104.3946867
Historical NWIS USGS 384509104254901 SC01506310DCC Manual  38.75249655 —104.4307989
Historical NWIS USGS 384544104222001 SC01506207AD Manual 387621111  —104.3723694
Historical NWIS USGS 384547104232601 SC01506312AAC Manual 38.76305156 —104.3910756
Historical NWIS USGS 384628104213601 SC01506205BD Manual  38.77458056 —104.3601194
Historical NWIS USGS 384648104240401 SC01506301 Manual  38.77995 —104.4011194
Historical NWIS USGS 384650104231301 SCO01506301AAA Manual 38.7805512 —104.3874645
Historical NWIS USGS 384738104231901 SC01406336AAB Manual ~ 38.7938843  —104.3891313
Historical NWIS USGS 384740104215501 SC014062032BBA Manual ~ 38.79443965 —104.3657973
Historical NWIS USGS 384740104223801 SC01406231BAA Manual 38.79443976 —104.377742

Historical NWIS USGS 384823104224001 SC01406230AB Manual  38.8064 —104.3777194
Historical NWIS USGS 384834104215704 SC01406229BBA Manual  38.80926667 —104.3665333
Historical NWIS USGS 384913104214901 SC01406220BCA Manual 38.8202725  -104.3641308
Historical NWIS USGS 384928104205601 SC01406216CCC Manual  38.82443896 —104.3494082
Historical NWIS USGS 384936104231401 SC01406313DAA2 Manual ~ 38.82666148 —104.3877426
Historical NWIS USGS 385004104242901 SC01406314AD Manual 38.83458056 —104.4079333
Historical NWIS USGS 385019104233101 SC01406312DCD Manual ~ 38.83860575 —104.392465

Historical NWIS USGS 385111104214401 SC01406205CAA Manual ~ 38.85304967 —104.362742

Historical NWIS USGS 385114104255601 SC01406303DCC Manual 38.8538836  —104.432744

Historical NWIS USGS 385136104303801 SC01406401CAB1 Manual  38.8601646  —104.5114044
Historical NWIS USGS 385140104212701 SC01406205ACD Manual  38.861105 —104.3580198
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Table 1-8. Wells used to evaluate median nitrate concentration during 1985-2013, set 2 of 2.

Appendix 1 )

[NWIS, National Water Information System; USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983. Information from USGS NWIS,

http://dx.doi.org/10.5066/F7P55KJN]

Purpose Data Agency Site Station Data Latitude, Longitude,
source identification name type NAD 83 NAD 83
Historical NWIS USGS 385148104233101 SC01406301AD Manual ~ 38.8633611  —104.392
Historical NWIS USGS 385159104310201 SC01406402 Manual 38.86643889 —104.5172194
Historical NWIS USGS 385202104203201 SC01406204 Manual ~ 38.86723889 —104.3421806
Historical NWIS USGS 385204104214801 SC01306232CD Manual ~ 38.8678111  —104.3633306
Historical NWIS USGS 385209104252001 SC01306335CC Manual 38.86911944 —-104.4222194
Historical NWIS USGS 385227104231402 SC01306231 Manual ~ 38.87418056 —104.3873694
Historical NWIS USGS 385229104223601 SC01306231ACC Manual ~ 38.87507718 —104.3783204
Historical NWIS USGS 385246104262201 SC01306334BB Manual 38.8795 —104.4394806
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