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Cover. Groundwater well in the foreground of the Front Range Mountains, near Elbert, Colorado, on
November 23, 2023. Photograph taken by Kelli Palko, U.S. Geological Survey.
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Groundwater-Level Elevations in the Bedrock Aquifers
of the Denver Basin Aquifer System, Elbert County,

Colorado, 2015-23

By Kelli M. Palko, Cory A. Russell, and Nicholas J. Pieseski

Abstract

Water users in Elbert County, Colorado, rely on ground-
water from bedrock aquifers in the Denver Basin aquifer
system (upper Dawson, lower Dawson, Denver, Arapahoe,
and Laramie-Fox Hills aquifers) for approximately half of
their water uses. Withdrawals from the bedrocks aquifers have
increased to meet the water use needs of expanding regional
population growth and development. The U.S. Geological
Survey, in cooperation with the Elbert County Board of
County Commissioners, began a study in 2015 to monitor
groundwater levels within Elbert County. The primary purpose
of this report is to present a summary of groundwater levels
measured during the study period (2015-23) and present
results from statistical analyses of changes in groundwater-
level elevations through time.

Discrete groundwater levels were measured at 36 wells
within Elbert County. Seven of those wells contained
equipment to make and record continuous groundwater-level
measurements at hourly intervals. All aquifers, except the
lower Dawson aquifer, had only declining groundwater-level
elevations in discrete measurements for wells with statistically
significant trends. Of the eight statistically significant trends
in the lower Dawson aquifer, two wells indicated increasing
groundwater-level elevation from discrete measurements.

The groundwater-level elevation trend medians in the upper
Dawson, lower Dawson, Denver, Arapahoe, and Laramie-Fox
Hills aquifers were —0.23, —0.66, —0.64, —0.39, and —0.63 feet
per year, respectively, for discrete groundwater-level elevation
measurements. Trends in continuous groundwater-level
elevations were in agreement with statistically significant
trends in discrete groundwater-level elevations for all wells.
The groundwater-level elevation trend medians in this study,
compared to the overall trends in a 2015-2018 study, both
indicated declining groundwater-level elevations except in

the upper Dawson aquifer, where the trend direction was
opposite, a positive trend from 2015 to 2018 and a negative
trend (declining groundwater elevations) from 2015 to 2023.
The change in trends within the upper Dawson aquifer may
be affected by differences in the study period and the trend
analysis applied. Trends during the 2015-23 study period were

compared to departures from the median 2015 groundwater-
level elevation for each site in each aquifer. In general, the
departures from the 2015 median supported trends observed
at each site and correlated spatially with greater departures
near the western border of Elbert County. Additionally,
30-year precipitation data showing wet and dry periods were
overlaid with the departure from the 2015 median to assess
groundwater-level patterns in wells in the five aquifers.
Departures from the 2015 median groundwater-level eleva-
tions appeared greatest during the dry period between 2020
and 2023. Potentiometric-surface maps of the upper and lower
Dawson aquifers created from static April 2023 groundwater
elevations indicated groundwater-flow direction is generally
from the south to the north. Results of this study could be used
to guide additional groundwater monitoring in Elbert County
and could aid in long-term planning of water resources.

Introduction

Elbert County, located in eastern Colorado, is a
rural county with agricultural land and is surrounded on
three sides by counties (Arapahoe, Douglas, and El Paso
Counties) with rapidly growing populations and water
uses. Elbert, Arapahoe, Douglas, and El Paso Counties
rely heavily on groundwater withdrawals from the Denver
Basin aquifer system (upper Dawson, lower Dawson,
Denver, Arapahoe, and Laramie-Fox Hills aquifers; fig. 1) to
support water-supply uses (Forsgren Associates Inc., 2018;
Maupin and others, 2014).

The Elbert County population has increased
approximately 45 percent between 2000 and 2023 with
a 25 percent increase between 2010 and 2023 (Penn and
Everett, 2019; U.S. Census Bureau, 2023). Douglas County,
which borders Elbert County to the west, has had more
than a 100 percent increase in population between 2000 and
2019 (Malenda and Penn, 2020). El Paso County, which
borders Elbert County to the south, has nearly doubled in
population from 1990 to 2020 (Kisfalusi and others, 2025).
Arapahoe County increased in population approximately
15 percent between 2010 and 2023 (U.S. Census Bureau, 2023).
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The 2020 Elbert County population is estimated at 26,062

(U.S. Census Bureau 2023) with predicted growth to 53,654 in
2035 and 68,375 in 2050 (Forsgren Associates Inc., 2018). As
of 2017, half of Elbert County’s total water use was supplied by
the Denver Basin aquifer system. Continued population growth
is expected to result in increased water use from the Denver
Basin aquifer system with an estimated 80 percent increase from
the 2017 to the 2050 usage to meet needs (Forsgren Associates
Inc., 2018). The U.S. Geological Survey (USGS), in coopera-
tion with the Elbert County Board of County Commissioners,
began a study in 2015 to assess the groundwater resources

of the Denver Basin aquifer system within Elbert County by
establishing and maintaining a groundwater-level monitoring
network (fig. 2) and by analyzing the groundwater levels in the
bedrock aquifers in Elbert County (Penn and Everett, 2019).
The well network was determined by selecting wells in areas
where drawdown from pumping may affect groundwater levels
(drawdown of 100 feet [ft] or more) based on predictions

from the USGS MODFLOW-2000 groundwater model of the
Denver Basin aquifer system from Paschke (2011). The primary
focus was aimed at selecting wells in the upper Dawson, lower
Dawson, and Denver aquifers, based on discussions with the
Elbert County Board of County Commissioners; however,
wells in the other bedrock aquifers were included to assess
countywide groundwater levels (Penn and Everett, 2019).
Continued monitoring could improve the ability to assess

short- and long-term changes in the groundwater-level eleva-
tions and could potentially aid communities in water-resource
management. Understanding how increased water uses are
potentially affecting the groundwater levels in the Denver Basin
aquifer system through recurring monitoring could be beneficial
for guiding groundwater management in Elbert County.

Well common names are a combination of aquifer of
completion abbreviation and an assigned number (table 1) for
this study, except for wells with common names ending in
"MAS.* Well common names ending with the "M AS” nomen-
clature are historical wells that were part of the USGS National
Water-Quality Assessment study (Rosen and Lapham, 2008).
Well common names include the following aquifer abbrevia-
tions and a number assigned to complete each well name:
upper Dawson aquifer well, UDAW; lower Dawson aquifer
well, LDAW; upper or lower Dawson aquifer well, DAWMAS;
Denver aquifer well, DENV and DENMAS; Arapahoe
aquifer well, ARAP and ARAPMAS; and Laramie-Fox Hills
aquifer well, LARA.

Purpose and Scope

This report builds on initial observations made by Penn
and Everett (2019), who examined groundwater-level elevations
measured in Elbert County from 2015 through 2018. Some
wells analyzed by Penn and Everett (2019) were not evaluated
in this report because they were discontinued. This report uses
data collected from a network of 36 groundwater wells where
discrete measurements of groundwater levels were measured
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bimonthly from 2015 through 2023. There are at least two
wells in each of the bedrock aquifers. In 7 of the 36 wells, a
vented pressure transducer with an internal data logger records
hourly groundwater-level measurements (also referred to as
continuous groundwater levels). The purpose of this report is
to summarize groundwater levels measured during the study
period and present results from statistical analyses of changes
in groundwater-level elevations through time (trends) in the
Denver Basin aquifer system in Elbert County, from April 2015
through November 2023.

Previous Studies

One of the first published studies of the Denver Basin
aquifer system described the artesian groundwater conditions
(Cross and others, 1884). Since then, numerous studies have
documented the geology, physiography, climate, stratigraphy,
and hydrologic conditions of the Denver Basin aquifer system.
By 1989, a bibliography of geology and groundwater geology
for the Denver Basin (Wireman and Romero, 1989) contained
more than 160 references (Everett, 2014). Paschke (2011) cited
more than 190 references in a detailed description of previous
work. Throughout the 1970s and 1980s, the USGS and the
Colorado Division of Water Resources (CDWR) mapped and
characterized the Denver Basin aquifer system (Romero and
Hampton, 1972; Romero, 1976; Robson and Romero, 1981a,
1981b; Robson, Romero, and Zawistowski, 1981; Robson,
Wacinski, and others, 1981; and Robson, 1983), which helped
lead to the development of a groundwater-flow model (Robson,
1987) and a three-dimensional MODFLOW-2000 groundwater-
flow model (Paschke, 2011) of the Denver Basin aquifer system.

Groundwater-level measurements in the Denver Basin
aquifer system began in the 1890s (Emmons and others, 1896).
From 1956 to 1963, the USGS conducted the first basinwide
assessment of groundwater levels (McConaghy and others,
1964), followed by a comprehensive set of groundwater-level
data for the bedrock and alluvial aquifers measured from
1956 to 1981 (Major and others, 1983). During the 1980s, the
CDWR established a groundwater-level monitoring network
with data published in annual reports (Pottorff and Horn, 2013).
From 2007 to 2017, CDWR conducted long-term groundwater
monitoring in the Denver Basin aquifer system, which indicated
decreasing groundwater-level elevations in all bedrock aquifers;
however, changes in groundwater levels from 2016 to 2017
and 2012 to 2017 were inconsistent (Flor, 2017). The USGS
published a study of groundwater-level elevations in the
Denver Basin aquifer system within Elbert County (Penn and
Everett, 2019), which presented results showing all aquifers
except the upper Dawson aquifer had more wells with statisti-
cally significant trends indicating decreasing groundwater-level
elevations than increasing groundwater-level elevations.

In Douglas and El Paso Counties (fig. 1), groundwater-
level monitoring networks, similar to the Elbert County
network presented in this report, has been operating since
2011 (Everett, 2014; Malenda and Penn, 2020) and 2021
(Kisfalusi and others, 2025), respectively.
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Figure 2. Location of groundwater-level monitoring network wells with aquifer of completion and aquifer extents for the upper
Dawson, lower Dawson, Denver, Arapahoe, and Laramie-Fox Hills aquifers, in the Denver Basin aquifer system, Elbert County,

Colorado. Well common name abbreviations are as follows: UDAW, upper Dawson aquifer well; LDAW, lower Dawson aquifer well;
DAWMAS, upper or lower Dawson aquifer well; DENV and DENMAS, Denver aquifer well; ARAP and ARAPMAS, Arapahoe aquifer well;
LARA, Laramie-Fox Hills aquifer well.



Table 1. Well identification and location information and a summary of discrete groundwater-level measurements, April 2015 through November 2023, Elbert County, Colorado.

[Well data can be downloaded using the site identification numbers in the U.S. Geological Survey National Water Information System (NWIS) database (USGS, 2023). Refer to figure 2 for well locations.
ft, foot; NAD 83, North American Datum of 1983; LSD, land-surface datum; NAVD 88, North American Vertical Datum of 1988; °, degree; ', minute; ", second; bls, below land surface; “P”, pumping
affected; UDAW, upper Dawson aquifer well; LDAW, lower Dawson aquifer well; DAWMAS, upper or lower Dawson aquifer well; DENV and DENMAS, Denver aquifer well; ARAP and ARAPMAS,
Arapahoe aquifer well; LARA, Laramie-Fox Hills aquifer well]

iden t?fiit:a tion c::;::m Latitude Longitude Eloefv:;l[()m :Z:tl:l Total Number of static m:}“;::’:ﬂ::: ts tgn::)i:: d(::'a)::r grounll\i_nv?l(:lltzlrl-level
number name (NAD 83) (NAD 83) (ft above (ft bls) measurements measurements with status "P*  below LSD (ft) elevation (ft above
NAVD 88) NAVD 88)
Upper Dawson aquifer
390935104301001 DAWMAS26 39°09'35.0" —104°30'10.5" 7,200.00 500 49 27 22 345.65 6,854.35
391126104354701 UDAW 19 39°11'26.6" —104°35'47.8" 7,118.00 401 53 47 6 263.72 6,854.28
391545104335401 DAWMAS22 39°15'45.5" —104°33'54.6" 6,835.00 360 52 48 4 162.38 6,672.62
3919241043741012 UDAW 142 39°1924.51" —104°37'46.62" 6,783.97 300 54 54 0 185.40 6,598.58
3921331043102012  UDAW 122 39°21'31.9" —104°31'06.46" 6,613.45 225 54 52 2 172.94 6,440.52
392203104342301 UDAW 16 39°22'03.34" —104°34'22.54" 6,638.05 312 52 51 1 184.09 6,453.97
392355104382001 UDAW 15 39°23'55.8" —104°3820.9" 6,585.00 290 51 49 2 191.43 6,393.57
392856104393801 UDAW 13 39°28'57.89" —104°39'38.05" 6,403.45 300 52 47 5 169.09 6,234.37
392806104331901 UDAW 20 39°28'05.78" —104°33'19.13" 6,285.00 305 7 7 0 75.34 6,209.66
Lower Dawson aquifer
391148104294101 DAWMAS27 39°11'48.9" —104°29'41.7" 6,960.00 475 51 40 11 267.06 6,692.94
391502104273601 LDAW 16° 39°15'02.2" —104°27'35.8" 6,750.00 441 51 17 34 150.60 6,599.40
3918291043853012 LDAW 152 39°18'25.51" —104°38'49.21" 6,754.82 743 47 28 19 208.36 6,546.46
391852104391301 DAWMAS16 39°18'52.56" —104°39'12.96" 6,798.32 720 52 29 23 269.72 6,528.61
3920581043644012 LDAW 122 39°20'58.84" —104°36'44.49" 6,606.29 540 55 50 5 187.63 6,418.66
392125104323701 LDAW 14 39°21'25.24" —104°32'38.44" 6,599.92 415 48 45 3 152.12 6,447.81
392131104351701 DAWMAS21 39°21'31.49" —104°35'17.53" 6,513.63 435 39 30 9 101.68 6,411.95
392724104341901 LDAW 13 39°2727.1" —104°34'17.1" 6,305.00 440 42 35 7 131.17 6,173.84
3932271043434012 DAWMAS192 39°32'27.27" —104°34'34.47" 6,257.95 320 53 48 5 212.71 6,045.24
Denver aquifer

390755104172501 DENV 17 39°07'55.35" —104°1725.48" 6,440.23 480 48 17 31 263.17 6,177.07
391257104173601 DENV 16¢ 39°12'58.39" —104°17'38.35" 6,298.93 140 43 43 0 82.27 6,216.66
391811104140301 DENV 15 39°18'25.50" —104°13'58.10" 6,005.48 280 50 43 7 142.56 5,862.93
391821104270601 DENV 14 39°1821.6" —104°27'06.4" 6,644.00 923 51 44 7 24421 6,399.79
391851104204501 DENMASO05 39°18'51.9" —104°20'45.5" 6,080.00 545 51 44 7 253.40 5,826.60
3933501041517012 DENV 122 39°33'51.99" —104°15'17.07" 5,587.61 161 51 51 0 114.18 5,473.43

uononposu|
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Table 1. Well identification and location information and a summary of discrete groundwater-level measurements, April 2015 through November 2023, Elbert County,
Colorado.—Continued

[Well data can be downloaded using the site identification numbers in the U.S. Geological Survey National Water Information System (NWIS) database (USGS, 2023). Refer to figure 2 for well locations.
ft, foot; NAD 83, North American Datum of 1983; LSD, land-surface datum; NAVD 88, North American Vertical Datum of 1988; °, degree; ', minute; ", second; bls, below land surface; “P”, pumping
affected; UDAW, upper Dawson aquifer well; LDAW, lower Dawson aquifer well; DAWMAS, upper or lower Dawson aquifer well; DENV and DENMAS, Denver aquifer well; ARAP and ARAPMAS,
Arapahoe aquifer well; LARA, Laramie-Fox Hills aquifer well]

9

. Elevation . Median
. s't e . Well Latitude Longitude of LSD (ft Well Total Number of static Number of Median depth groundwater-level
identification common depth measurements  to groundwater .
(NAD 83) (NAD 83) above NAVD measurements measurements . _— elevation (ft above
number name (ft bls) with status "P’ below LSD (ft)
88) NAVD 88)
Arapahoe aquifer
390800104172601 ARAP 8 39°08'00.68" —104°17'23.86" 6,426.37 730 50 25 25 382.32 6,044.50
391208104053301 ARAP7 39°12'09.62" —104°05'33.73" 6,131.66 320 49 36 13 147.06 5,984.60
391740104072401 ARAP- 39°17'40.17" —104°07"24.14" 5,867.46 130 42 38 4 56.22 5,811.24
MAS274
391946104114501 ARAP 6 39°19'47.26" —104°11'45.41" 6,159.61 580 51 48 3 292.40 5,867.21
392400104150601 ARAPMAS28  39°24'00.71" —104°15'06.36" 5,921.21 434 52 50 2 207.05 5,714.17
392434104142701 ARAP 5 39°24'37.75" —104°14'24.48" 6,082.67 425 51 50 1 336.07 5,746.60
393225104073601 ARAP 4 39°32'24.71" —104°07'39.92" 5,473.72 287 52 38 14 52.50 5,421.23
393251104073701 ARAP 3 39°32'52.91" —104°07'37.25" 5,487.00 360 52 46 6 114.25 5,372.76
Laramie-Fox Hills aquifer

390817104040301 LARA7 39°08'12.65" —104°04'04.33" 5,937.18 438 52 43 9 139.29 5,797.89
391609104014001 LARAG6 39°16'12.29" —104°01'26.33" 5,753.80 340 51 49 2 147.42 5,606.38
391621104012001 LARAS 39°16'20.73" —104°01'32.11" 5,746.10 400 52 48 4 142.78 5,603.32
392616103591001» LARA 32 39°26'17.16" —103°59'11.98" 5,495.98 340 51 50 1 84.32 5,411.66

aSite instrumented with a pressure transducer for at least six months.
bWell discontinued from routine monitoring in November 2023.
cWell discontinued from routine monitoring in October 2022.

dWell discontinued from routine monitoring in December 2022.
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Description of Study Area

Elbert County is 1,851 square miles of mostly rural land
in eastern Colorado, southeast of Denver, and northeast of
Colorado Springs. Elbert County is bordered by Arapahoe
County to the north, Lincoln County to the east and southeast,
El Paso County to the south and west, and Douglas County to
the west (fig. 1). Elbert County receives approximately 12 to
18 inches of precipitation per year, accounting for both rain
and snowfall, compared to the average 16 inches for Colorado
(Elbert County Planning Commission, 2018). Drought-tolerant
plants such as Bouteloua gracilis (blue grama), Bouteloua
dactyloides (buffalograss), Pascopyrum (wheatgrass), and
Fescuta, sp. (fescue) dominate the plains, whereas Pinus
ponderosa (ponderosa pine) lines the western region of Elbert
County. Populus deltoides (cottonwood) and Salix, sp. (willow)
populate the riparian corridors (Elbert County Planning
Commission, 2018). Numerous intermittent tributaries of the
South Platte River originate in Elbert County, including Kiowa
Creek, East, Middle, and West Bijou Creeks. Big Sandy Creek,
an intermittent stream, flows into the Arkansas River (fig. 1).

Description of the Denver Basin Aquifer System

The Denver Basin aquifer system, which covers an
approximate 7,000 square miles, is bound on the western
edge by the base of the Colorado Front Range Mountains
and extends into the eastern plains of Colorado (Bauch and
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others, 2014; fig. 1 of this report). The northern extent ends
near Greeley, Colorado, and the southern extent reaches into

El Paso County. The structure of the basin is synclinal (bowl
shaped) and is composed of Late Cretaceous to Tertiary
sandstone bedrock aquifers separated by claystone confining
units (Fenneman, 1931; Robson, 1987; Paschke, 2011). The
four principal bedrock aquifers, from youngest (shallowest) to
oldest (deepest), are the Dawson aquifer in the Late Cretaceous
to Eocene Dawson Formation, Denver aquifer in the Late
Cretaceous to Paleocene Denver Formation, Arapahoe aquifer
in the Late Cretaceous Arapahoe Formation, and Laramie-Fox
Hills aquifer in the Late Cretaceous Laramie Formation and Fox
Hills Sandstone. The principal bedrock aquifers are underlain
by the confining Cretaceous Pierre Shale (fig. 3). The Dawson
and Arapahoe aquifers are divided into lower and upper units

in parts of the basin by discontinuous confining units. In Elbert
County, the Arapahoe aquifer is undivided, and the Dawson
aquifer is divided, thus totaling five distinct bedrock aquifers.
Outcrops of each aquifer can be found along the outer edge of
their extents and are generally considered unconfined, whereas
confined conditions exist towards the interior of the basin in
each aquifer where it is overlain by a younger confining unit
(Paschke, 2011). The physical characteristics of the bedrock
aquifers in Elbert County are summarized in table 2. Studies
from which the information in table 2 was acquired include
Romero (1976), Kirkham and Ladwig (1979), Schneider (1980),
Robson and others (1981a), Robson and others (1981b), Robson
(1987), Crifasi (1992), Raynolds and others (2001), Raynolds
(2002, 2004), and Paschke (2011).

Table 2. Physical characteristics of bedrock aquifers in the Denver Basin aquifer system, Elbert County, Colorado.
[Refer to figure 1 for extent and location of aquifers and extent and location of Elbert County. mi2, square mile; ft, foot; N/A, not applicable]
Bedrock Well common sI:ft:‘t!e Area within - Minimum - Maximum Top confinin
aquifer name area Elbert thickness thickness Composition Age pla ers 9
4 - County (mi?) (ft) (ft) v
(mi?)
Upper Dawson! UDAW 600 302 100 1,100 Dawson Formation: interbedded Tertiary N/A—unconfined
Lower Dawson! LDAW 1,400 423 fluvial congl.omerate, clay and shale
sandstone, siltstone, shale
Denver? DENV or 3,200 830 600 1,200 Denver Formation: interbedded  Late Heterogeneous
DENMAS shale, claystone, siltstone, Cretaceous claystone and
sandstone, coal, and volcanic to early shale
ash and rocks Tertiary
Arapahoe? ARAP or 4,700 1,160 400 700 Arapahoe Formation: Late Upper part of
ARAPMAS interbedded conglomerate, Cretaceous Arapahoe
sandstone, siltstone, shale Formation fine-
grained deposits
Laramie-Fox LARA 7,000 1,538 10 400 Laramie Formation: very Late Upper part of
Hills* fine-to medium-grained Cretaceous Laramie

sandstone with interstitial
silt and clay

Formation gray to
black shale, coal
seams, siltstone,

Fox Hills Sandstone: very p
sandstone

fine-grained silty sandstone
and shaly siltstone with
interbedded shale

'Romero, 1976; Robson and others, 1981b; Robson, 1987; Raynolds and others, 2001; Raynolds, 2002; Paschke, 2011.
2Romero, 1976; Kirkham and Ladwig, 1979; Robson and others, 1981b; Robson, 1987; Crifasi, 1992; Raynolds and others, 2001; Raynolds, 2002; Paschke, 2011.

3Romero, 1976; Robson and others, 1981a; Robson, 1987; Raynolds and ot
4Romero, 1976; Schneider, 1980; Robson and others, 1981b; Robson, 1987

hers, 2001; Raynolds, 2002; Raynolds, 2004; Paschke, 2011.
; Raynolds and others, 2001; Raynolds, 2002; Paschke, 2011.
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Figure 3. Generalized geologic cross sections A, A-A', west to east, and B, B—B', south to north, for the upper Dawson, lower Dawson,
Denver, Arapahoe, and Laramie-Fox Hills aquifers through the Denver Basin aquifer system, Elbert County, Colorado. Refer to figure 1 for
cross section locations and table 2 for bedrock aquifer descriptions within each geologic unit. Modified from Robson (1987), Penn and

Everett (2019), and Malenda and Penn (2020).

Study Methods

This section describes the methods used to make
and process groundwater-level measurements, how to
access data, the statistical tools used to analyze trends in
groundwater-level elevations throughout Elbert County, and
how potentiometric-surface maps were compiled from static
groundwater-level elevations.

Groundwater-Level Measurements and
Groundwater-Level Elevations

This section presents the methods used for making and
processing the discrete and continuous groundwater-level
measurements analyzed in this study. Groundwater levels are
presented as depth to groundwater in ft below land surface
datum (LSD). Calculated groundwater-level elevations are
presented in ft above the North American Vertical Datum of
1988 (NAVD 88). Well common names are a combination
of aquifer of completion abbreviation and an assigned

number: upper Dawson aquifer well, UDAW; lower Dawson
aquifer well, LDAW; upper or lower Dawson aquifer well,
DAWMAS; Denver aquifer well, DENV and DENMAS;
Arapahoe aquifer well, ARAP and ARAPMAS; Laramie-Fox
Hills aquifer well, LARA (table 1).

Discrete Groundwater-Level Measurements and
Groundwater-Level Elevations

Groundwater-level measurements were analyzed for
the Penn and Everett (2019) study from April 2015 through
June 2018. This report presents data from 36 wells within
Elbert County routinely measured during the study period,
April 2015 through November 2023 (table 1). The following
wells were discontinued from routine monitoring since the
previous study period because of various reasons, including
but not limited to, new homeownership, homeowner request,
or accessibility issues: LARA 4, ARAPMAS22, DENV 13,
DAWMAS28, UDAW 11, UDAW 17, and UDAW 18.
Three more wells were discontinued from the network but



are included in this study: LDAW 16 in November 2023 and
DENV 16 in October 2022 because of accessibility issues,
and ARAMAS27 in December 2022 because of equipment
malfunctions within the well (table 1).

Manual measurements were made bimonthly (February,
April, June, August, October, December) except for a few
instances when well access was temporarily restricted.

The procedures for making manual groundwater-level
measurements are outlined in Cunningham and Schalk
(2011), with the exception that a breakaway weight was not
used because of concerns it could get entangled with pump
wiring or piping, which are present within most wells in

the network. A measuring point (MP) was established on

the casing of each well as a consistent point from which to
make measurements, as depicted in appendix 1 (fig. 1.1).

The height of each MP above the land surface was manually
measured. The elevation of each well MP was determined
using the real-time kinetic global positioning system survey
referenced to NAVD 88 using the methods by Rydlund and
Densmore (2012), described by Penn and Everett (2019). The
LSD of each well was calculated by subtracting the well MP
height from the MP elevation (determined by the survey). The
horizontal coordinates and elevation of LSD for each well are
summarized in table 1. By computing the elevation of LSD
for each well with a consistent coordinate system, horizontal
datum, and vertical datum, groundwater-level elevations can
be calculated and accurately compared across Elbert County.
In this report, groundwater-level elevation is calculated from
groundwater level below LSD according to the following
equation (Cunningham and Schalk, 2011):

Groundwater-level elevation = LSD — Depth to 1
groundwater below LSD,

where

Groundwater-level elevation is groundwater-
level elevation, in ft above NAVD 88;

LSD is the land-surface datum, in ft above
NAVD 88; and

Depth to groundwater below LSD is the
measured depth, in ft, to groundwater
below land-surface datum.

For most discrete measurements, a calibrated electric
water-level tape was lowered into the well until the electrode
probe indicated contact with water. Once the electric water-
level tape indicated contact with water, the depth to water
from an established MP on the well was recorded. In some
instances, a calibrated steel tape was lowered into the well
to record the depth to groundwater from the well MP. In
each instance, the depth to groundwater from the MP was
recorded to the nearest 0.01 ft and corrected for the height of
the MP above LSD to give a final reading of measured depth
to groundwater below LSD. To determine if the groundwater
level measured in the well was static and to follow USGS
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protocol as a quality-control measure, a second check
measurement was made, typically 3—5 minutes after the first
measurement. Measurements that differed by 0.02 ft or less
were considered a reliable measurement and assigned the
status of “static.” Measurement methods were in accordance
with the Office of Groundwater Technical Procedures Manual
(Cunningham and Schalk, 2011).

When the check measurement did not agree with the
original measurement (measurements differed by greater
than [>] 0.02 ft), additional measurements were made until
the reason for lack of agreement was determined, or results
were shown to be reliably representative of field conditions.
If consecutive measurements indicated a rising groundwater
level (decreasing depth to groundwater), the well was
considered to be recovering from recent pumping, and the
highest groundwater level (smallest depth to groundwater)
measured during the field visit was recorded and given the
status of “recently pumped.” If consecutive measurements
indicated a decreasing groundwater level (increasing depth to
groundwater), the well was considered to be actively pumping,
and the highest groundwater level measured during the field
visit was recorded and given the status of “actively pumping.”
Typical reasons for recently pumped or actively pumping
wells include agricultural operations or domestic use. Static
measurements, which were made approximately 83 percent of
the time during the study period, can be more representative of
natural aquifer conditions and therefore are ideal for assessing
changes and trends in aquifer groundwater levels.

Continuous Groundwater-Level Measurements
and Groundwater-Level Elevations

Of the 36 wells in the monitoring network, 7 wells were
equipped with pressure transducers for recording hourly
groundwater levels (table 1, fig. 2). The pressure transducers
are vented and rated for a 69-ft range (well identified as
LDAW 12 had 231-ft range transducer deployed because of
large water-level fluctuation ranges [>50 ft]) in a freshwater
elevation, with a manufacturer accuracy of plus or minus (£)
0.05 percent at 59 degrees Fahrenheit (In-Situ Inc., 2023). The
transducers are suspended in the well on a vented communica-
tion cable allowing the user to download data from the instru-
ment while the transducer remains in place and to directly
use the data to calculate depth to water, without needing to
correct for barometric pressure. The internal data logger was
programmed to record depth to groundwater below LSD every
hour, based on a static manual groundwater-level measure-
ment at the time the transducer was deployed, following the
methods described in Cunningham and Schalk (2011).

Each transducer was downloaded and serviced during
each bimonthly site visit. At the time of each manual
groundwater-level measurement, a concurrent instantaneous
transducer groundwater-level measurement was recorded.

In instances where the transducer measurement had
drifted greater than 0.10 ft from the concurrent discrete
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groundwater-level measurement, the data logger was reset to
match the discrete value for depth to groundwater. However,
if groundwater levels were not static, the transducers were
not reset. To account for drift, the continuous groundwater
levels were corrected to match discrete groundwater-level
measurements. Processing of the continuous groundwater-
level measurements followed USGS guidelines (Freeman
and others, 2004). Like discrete measurements, a continuous
hourly record of groundwater-level elevation was calcu-
lated using equation 1. At wells with continuous hourly
groundwater-level elevations, a dataset of daily maximum
groundwater-level elevations was derived from the maximum
hourly groundwater-level elevation measured each day. The
daily maximum groundwater-level elevation values tend to
represent periods of the day when pumping is not occurring
at the well or in nearby wells and has not occurred recently
(USGS, 2023).

Accessing Data

All discrete and continuous groundwater levels
summarized in this report are publicly available through the
USGS National Water Information System (NWIS) database
(USGS, 2023). The NWIS database website provides an
interface for accessing USGS site information and data and
is regularly updated to reflect the most current data. Users of
the interface can retrieve USGS data by category, region, site
number, or many other criteria and produce tables and graphs
for web viewing or export. Site identification numbers in
table 1 are from the U.S. Geological Survey NWIS database
(USGS, 2023). Data accessible from the NWIS database can
be downloaded in the R statistical software (R Core Team,
2018) using the USGS “dataRetrieval” package (De Cicco and
others, 2024).

Groundwater-Level Summary, Groundwater-
Level Elevation Trend Analysis, and Mapping

After measurement of, and corrections to, discrete
and continuous groundwater levels, all groundwater levels
used in this report went through an internal review and an
independent approval process. Groundwater levels, both
discrete and continuous, were converted to groundwater-level
elevations prior to trend analysis and graphical representation.
The hydrographs showing groundwater-level elevations of
the discrete and continuous data through time are available
in appendix 2. The presence of temporal trends in both the
discrete and continuous groundwater-level elevation data was
evaluated using nonparametric statistical methods. This study
used a similar approach to Malenda and Penn (2020) using a
seasonal Mann-Kendall (sM—K) trend test (Helsel and others,
2020). These trend analyses were completed using the R
statistical software (R Core Team, 2018) and the “EnvStats”
package (Millard, 2013) as described in appendix 3. The
calculated trend estimate, in ft per year, was quantified using

the Theil-Sen slope estimate (Sen, 1968; Hirsch and others,
1982) with the “EnvStats” package (Millard, 2013). This
approach performs a nonparametric test for a monotonic trend
within each season and summarizes the trend as the median of
all within season slopes (Hirsch and others, 1982; Helsel and
others, 2020). Refer to appendix 3 for a more detailed descrip-
tion of the statistical methods and the respective equations.
The sM—K test (Mann, 1945; Kendall, 1975; Helsel and
others, 2020) was applied to static discrete and continuous
groundwater-level elevations measured between April 2015
and November 2023. The sM—K test accounts for temporal
correlation caused by seasonality by comparing data from
a user-defined season only to data from the same season
(appendix 3). For the sM—K test on discrete data, seasons were
defined as months when measurements were made to mini-
mize effects of temporal correlation among months (totaling
six seasons for bimonthly site visits). For the sM—K test on
continuous data, the test was completed on the maximum
hourly groundwater-level elevation measured each day, and
seasons were defined as individual months to minimize effects
of temporal correlation among months (totaling 12 seasons).
The null hypothesis of no monotonic trend and an alpha (o),
or probability value (p-value), of 0.05 was used to evaluate
trend significance. Therefore, when the p-value was less than
or equal to 0.05, the null hypothesis was rejected, and a trend
in groundwater-level elevations was considered statistically
significant (Helsel and others, 2020). Previous reports by
Malenda and Penn (2020) and Penn and Everett (2019) used a
p-value of 0.1. A more conservative confidence level was used
in this report to reduce the likelihood of incorrectly rejecting
the null hypothesis (Helsel and others, 2020). A negative trend
indicates generally declining groundwater-level elevations in
the well through time, and a positive trend indicates generally
rising groundwater-level elevations in the well through time.
In addition to the sSM—K test, the sensitivity of wells to
their environment and conditions was assessed by calculating
the departure of static discrete groundwater-level elevations
from the 2015 median groundwater-level elevation for
each well, in each aquifer. For this study, the 2015 median
groundwater-level elevation was selected because it is the
earliest available USGS groundwater-level data for Elbert
County. Additionally, 2015 had the highest groundwater-
elevation for the entire study period for the most wells
(USGS, 2023). Ideally, the median groundwater level would
be selected from predevelopment or early development in
order to represent stable aquifer conditions; however, these
data are not available from the wells in the study site. As such,
the earliest (2015) groundwater-level data were selected. If
a well did not have data in 2015, it was not included in this
analysis. The departure from the 2015 median was compared
with the average 30-year normal precipitation for Elbert
County (PRISM Climate Group, 2024) where dry periods are
less than, and wet periods are more than the 30-year normal.
The 30-year normal of precipitation, provided by Parameter-
elevation Regression on Independent Slopes Model (PRISM)
climatological datasets, for Elbert County between the
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years 1991 and 2020 is 17.2 inches (PRISM Climate Group,
2024). Potentiometric-surface maps show the hydraulic head
distribution of an area with contour lines of equal hydraulic
head. Groundwater flow is from areas of high hydraulic head
to areas of low hydraulic head; flow direction is perpendicular
to the contours (Winter and others, 1998). Groundwater-level
elevations from April 2023 observations were interpolated
spatially using the Python programming language (Van
Rossum and Drake, 2009) Numpy package (Harris and others,
2020) to derive the hydraulic head distribution and contour
lines of equal hydraulic head using the static discrete values of
groundwater-level elevation above NAVD 88 in ft in the upper
and lower Dawson aquifers. Potentiometric-surface maps

in Penn and Everett (2019) were compiled from April 2018
data. April 2023 data were used in this report for consistency
between both reports and to provide a comparison between
April 2018 and April 2023 data.

Groundwater-Level Elevations in the
Denver Basin Bedrock Aquifers of
Elbert County

From April 2015 through November 2023, more than
1,700 discrete and 340,000 continuous groundwater-level
measurements were made in the Elbert County groundwater
monitoring network. Hydrographs showing discrete and
continuous groundwater-level elevations through time for each
well in the network are provided in appendix 2.

Discrete Groundwater-Level Elevation Summary
and Trends

Groundwater levels in each of the bedrock aquifers varied
both temporally and spatially. In general, groundwater-level
elevations were lowest during summer and fall (June through
October) and recovered to higher elevations in winter and
spring (December through April) (appendix 2). Some wells
exhibited strong seasonal fluctuations of about 10 ft (for
example, well UDAW 13, fig. 2.8), whereas others show
minimal seasonality with fluctuations less than 1 ft between
measurements (for example, well DENV 16, fig. 2.20).
Seasonal variations are caused by natural processes, including
precipitation and evapotranspiration in aquifer zones
connected to the land surface and timing of aquifer recharge
in confined aquifer zones (Paschke, 2011). Human activities,
such as increased irrigation for agriculture (during the growing
season) and domestic pumping (for lawns), can also affect
seasonal variations.

Of the 36 wells monitored, 35 were analyzed (UDAW 20
[fig. 2.9] was excluded because of insufficient data) in the
study period, with 29 exhibiting statistically significant trends
in discrete groundwater-level elevations, based on the sM—K

test (table 3, appendix 3). Potential reasons for wells not
resulting in statistically significant trends could be inadequate
static measurements, such as DENV 17 (fig. 2.19) with
approximately fewer than 35 percent static measurements.
Continued monitoring and more static measurements at the
wells where trends were not identified may increase the
likelihood of statistically significant trend occurrence at those
wells in the future. Of the remaining five wells that did not
have statistically significant trends, three wells (ARAP 7,
DAWMAS22, and ARAPMAS27) have sufficient data (more
than 75 percent of measurements with a static status), but
based on the sM—K results and hydrographs are considered in
apparent steady state (table 3, figs. 2.26, 2.3, and 2.27, respec-
tively). The two remaining wells (LDAW 15 and ARAP 6) had
more than 57 percent of measurements with a static status but
did not meet the criteria of a statistically significant p-value
of less than or equal to 0.05 (table 3, figs. 2.12 and 2.28,
respectively). Based on the criteria used by Penn and Everett
(2019) however, the trends would be considered statistically
significant with p-values less than or equal to 0.10.

In wells with statistically significant trends, groundwater-
level elevations were declining in all aquifers except the
lower Dawson aquifer. The lower Dawson aquifer had two
wells (DAWMAS27 and DAWMAS16) with increasing
groundwater-level elevations of 0.040 and 0.63 ft/yr,
respectively, near the border of Douglas and El Paso Counties.
In this study, the groundwater-level elevation trend medians
in the upper Dawson, lower Dawson, Denver, Arapahoe, and
Laramie-Fox Hills aquifers were —0.23, —0.66, —0.64, —0.39,
and —0.63 ft/yr, respectively (table 3). The groundwater-level
elevation trend medians in this study, compared to the overall
trends in Penn and Everett (2019), both indicated decreasing
groundwater-level elevations except in the upper Dawson
aquifer, where the trend direction was opposite, a positive
trend (increasing groundwater elevations) from 2015 to 2018
and a negative trend (decreasing groundwater elevations)
from 2015 to 2023. Trends from the previous study (Penn and
Everett, 2019) were determined by a linear regression analysis,
whereas trends in this study were determined using the sM—K
test. Additionally, trends from Penn and Everett (2019) used
a shorter period of analysis; therefore, trend magnitudes
(amount groundwater-level elevation changed, in ft/yr) may be
affected by both the period and method applied. Statistically
significant trends throughout Elbert County are relatively
consistent for grouping and distribution, where the largest
trends are near the western border of Elbert County and along
Colorado State Highway 86 (fig. 4). Trend magnitude and
direction were generally in agreement for wells near and in the
same aquifer (for example, UDAW 13 and UDAW 15; LDAW
12 and DAWMAS21; DENV 14 and DENV 15; ARAP 5 and
ARAPMAS2S8; LARA 5 and LARA 6; fig. 4).

The departure from the 2015 median groundwater-level
elevation for each well in each aquifer (fig. 64—F) indicated
departures from the median in each aquifer were negative,
meaning groundwater level was less than the median, more
frequently (at least 60 percent) than positive (groundwater
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level greater than the median), supporting the overall pattern
of negative trends in groundwater-level elevation in Elbert
County. The maximum negative departures from the 2015
median groundwater-level elevations were greater than the
maximum positive departure for all wells in each aquifer
(maximum negative and positive departures, respectively,
were as follows: —17.06 ft and 3.81 ft in the upper Dawson
aquifer [fig. 64]; —59.55 ft and 20.10 ft in the lower Dawson
aquifer [fig. 68]; —17.96 ft and 1.83 ft in the Denver aquifer
[fig. 6C]; —13.26 ft and 2.48 ft in the Arapahoe aquifer

[fig. 6D]; and —12.28 ft and 1.86 ft in the Laramie-Fox Hills
aquifer[fig. 6£7). Wells nearest to Elizabeth, Colorado, and the
border between Elbert and Douglas Counties had the greatest
negative departures from the 2015 median in the upper and
lower Dawson aquifers (UDAW 13, UDAW 15, LDAW 12,
LDAW 13, LDAW 14, and DAWMAS 21, figs. 5, 64—B).
Wells in the Denver aquifer (DENV 14, DENV 15, and
DENMASO0S), Arapahoe aquifer (ARAP 8 and ARAP 3), and
Laramie-Fox Hills aquifer (LARA 5, LARA 6, and LARA 7)
that showed the greatest negative departures from the 2015
median also indicated the largest decreasing groundwater-
level elevations (figs. 4, 6C—E). Departures from the 2015
median groundwater-level elevations were greatest during

the dry period between the years 2020 and 2023. Notably,
departures from the 2015 median were largest in LDAW 12
well (approximately —60 ft; fig. 68), which has proximity to

a multiresidential development beginning between 2017 and
2019 based on imagery of the area (Google, 2023); these years
coincide with the largest drawdowns during the study period
at this site (fig. 65; fig. 2.14). Based on CDWR well records,
the recent residential development included the addition of
two commercial wells intersecting the Denver and Arapahoe
aquifers (CDWR, 2023). Although LDAW 12 had the largest
departures from the 2015 median, seasonal recharge is shown,
which returns the departure from the 2015 median to a near
zero difference annually. Conversely, most wells with the
greatest departures in the Denver, Arapahoe, and Laramie-Fox
Hills aquifers do not have departures returning to zero annu-
ally and instead, some continue to decline (fig. 6C—F). These
aquifers are predominately under confined conditions (Ruybal
and others, 2019) and are generally dominated by thousands of
years old groundwater which has not been affected by mixing
with young recharge groundwater (Musgrove and others,
2014). Substantial drawdown from increased pumping in the
bedrock aquifers resulted in lowered potentiometric surfaces
and increased areas of unconfined conditions, making them
more susceptible to varying recharge (Paschke, 2011; Ruybal
and others, 2019). The departure from the 2015 median
groundwater-level elevation can be used as a tool to observe
potential effects from increased groundwater withdrawals,
especially in confined aquifers in the Denver Basin bedrock
aquifer system.

Continuous Groundwater-Level Elevation
Summary and Trends

Hydrographs of continuous groundwater-level elevations
from the wells containing pressure transducers were generally
in agreement with discrete groundwater levels measured
at the same well (figs. 2.4, 2.5, 2.14, 2.18, 2.24, 2.36). The
pressure transducer at site LDAW 15 (fig. 2.12) was installed
in December 2022 and was not included in the trend analysis
because of insufficient data. Groundwater-level elevations
were generally highest during winter and spring (December
through April) and lowest during summer and fall (June
through October), except for DENV 12 (fig. 2.24), which
does not have a strong seasonal pattern. Based on the results
from the sM—K trend test conducted on the continuous daily
maximum groundwater-level elevations, the trend direction
(increasing or decreasing groundwater-level elevations) and
magnitude (change in groundwater-level elevation, in ft/yr)
generally agreed with the trend analysis results calculated
from discrete groundwater-level elevations (table 3). The
hydrograph for LARA 3 (fig. 2.36) clarifies the additional
information that continuous measurements can provide
about groundwater-level elevation changes between
discrete measurements.

Potentiometric-Surface Maps

Potentiometric-surface maps were compiled from static
groundwater-level elevations made during April 2023 in the
upper and lower Dawson aquifers. Only wells with static
measurements were used to derive the groundwater-level
elevations using the Python programming language (Van
Rossum and Drake, 2009) Numpy package (Harris and others,
2020). The potentiometric surface as 40-ft interval contours
for April 2023 in the upper and lower Dawson aquifers
are shown in figures 7 and 8, respectively. Groundwater
flow in the upper and lower Dawson aquifers in western
Elbert County, based on the derived potentiometric-surface
maps, is generally from south to north. The potentiometric
surface maps are generalized representations of a complex
groundwater system in the upper and lower Dawson aquifers.
Because of the small spatial dataset size for each aquifer,
the potentiometric-surface maps are limited to a generalized
interpretation of the groundwater-flow direction (Anderson
and Lundgren, 2024). Despite generalizations of the interpre-
tation, potentiometric surface maps can be used to assist water
resource managers to identify areas for future monitoring and
gain a general understanding of groundwater flow (Anderson
and Lundgren, 2024).



Table 3. Trend analysis summary of static discrete and continuous groundwater-level elevation data, April 2015 through November 2023, Elbert County, Colorado.

[Refer to table 1 and figure 2 for well locations (USGS, 2023). The discrete and continuous data analyzed were from April 2015 through November 2023. Only static measurements were used in the discrete
dataset. Seasonal Mann-Kendall trend test evaluates the significance of a monotonic trend in the data (Mann, 1945; Kendall, 1975; Helsel and others, 2020), whereas the Theil-Sen slope estimator (Sen, 1968;
Hirsch and others, 1982) calculates the trend, or change in groundwater-level elevations through time. Statistically significant trends were considered significant if the p-value is less than or equal to the defined
alpha of 0.05. Refer to “Methods” section and appendix 3 of this report for details of field measurement and statistical methods used. n, number of observations used in the analysis for discrete data; tau, rank
correlation coefficient, also known as “Kendall's tau” (Kendall, 1975), which measures the strength of the correlation between time and groundwater-level elevations; p-value, probability value, which indicates
the level of significance; ft/yr, foot per year; --, not calculated because of insufficient data (UDAW 20) or unavailable data; UDAW, upper Dawson aquifer well; LDAW, lower Dawson aquifer well; DAWMAS,

lower or upper Dawson aquifer well; DENV and DENMAS, Denver aquifer well; ARAP and ARAPMAS, Arapahoe aquifer well; LARA, Laramie-Fox Hills aquifer well]

Discrete data

Continuous data

Site identification Well common Seasonal Mann-Kendall Thesiﬁgz":llope Seasonal Mann-Kendall Seasonal T!1eiI-Sen
number name trend test estimator trend test slope estimator
n tau p-value Trend (ft/yr) tau p-value Trend (ft/yr)
Upper Dawson aquifer (significant discrete trend median, -0.23 ft/yr)
390935104301001 DAWMAS26 27 —0.822 <0.0012 —0.232 -- -- --
391126104354701 UDAW 19 47 —0.692 <0.0012 —0.142 - - -
391545104335401 DAWMAS22 48 0.052 0.76 0.0029 - - -
391924104374101 UDAW 14 54 —0.472 <0.0012 —0.222 —-0.472 <0.0012 —0.252
392133104310201 UDAW 12 52 —0.282 0.0152 —0.0722 —0.192 <0.0012 —0.1082
392203104342301 UDAW 16 51 —0.272 0.027» —0.292 - - -
392355104382001 UDAW 15 49 —0.742 <0.0012 —-0.552 -- -- --
392856104393801 UDAW 13 47 —0.422 <0.0012 —0.592 - - -
392806104331901 UDAW 20 7 -- -- -- - - --
Lower Dawson aquifer (significant discrete trend median, -0.66 ft/yr)
391148104294101 DAWMAS27 40 0.292 0.0312 0.0402 - - -
391502104273601 LDAW 16> 17 —-0.752 0.0312 —0.532 -- -- --
391829104385301 LDAW 15 28 —0.38¢ 0.064¢ —0.53¢ -- -- --
391852104391301 DAWMASI16 29 0.382 0.0482 0.632 -- -- --
392058104364401 LDAW 12 50 —0.582 <0.001= -3.502 —0.522 <0.001= —2.952
392125104323701 LDAW 14 45 -0.672 <0.0012 —-0.792 -- -- --
392131104351701 DAWMAS21 30 —0.552 <0.001= —1.932 - - -
392724104341901 LDAW 13 35 —0.572 <0.0012 —1.002 - - -
393227104343401 DAWMASI19 48 —0.792 <0.0012 —0.232 —-0.622 <0.001» —0.232
Denver aquifer (significant discrete trend median, -0.64 ft/yr)
390755104172501 DENV 17 17 0.46 0.24 0.41 -- -- --
391257104173601 DENV 164 43 —0.282 0.030° —-0.0202 -- -- --
391811104140301 DENV 15 43 —0.752 <0.001= —0.642 - - -
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Table 3. Trend analysis summary of static discrete and continuous groundwater-level elevation data, April 2015 through November 2023, Elbert County, Colorado.—Continued

[Refer to table 1 and figure 2 for well locations (USGS, 2023). The discrete and continuous data analyzed were from April 2015 through November 2023. Only static measurements were used in the discrete
dataset. Seasonal Mann-Kendall trend test evaluates the significance of a monotonic trend in the data (Mann, 1945; Kendall, 1975; Helsel and others, 2020), whereas the Theil-Sen slope estimator (Sen, 1968;
Hirsch and others, 1982) calculates the trend, or change in groundwater-level elevations through time. Statistically significant trends were considered significant if the p-value is less than or equal to the defined
alpha of 0.05. Refer to “Methods” section and appendix 3 of this report for details of field measurement and statistical methods used. n, number of observations used in the analysis for discrete data; tau, rank
correlation coefficient, also known as “Kendall's tau” (Kendall, 1975), which measures the strength of the correlation between time and groundwater-level elevations; p-value, probability value, which indicates
the level of significance; ft/yr, foot per year; --, not calculated because of insufficient data (UDAW 20) or unavailable data; UDAW, upper Dawson aquifer well; LDAW, lower Dawson aquifer well; DAWMAS,
lower or upper Dawson aquifer well; DENV and DENMAS, Denver aquifer well; ARAP and ARAPMAS, Arapahoe aquifer well; LARA, Laramie-Fox Hills aquifer well]

Discrete data

Continuous data

Site identification Well common Seasonal Mann-Kendall Thesi:;se(:ln:llope Seasonal Mann-Kendall Seasonal T!leiI-Sen
number name trend test estimator trend test slope estimator
n tau p-value Trend (ft/yr) tau p-value Trend (ft/yr)
Denver aquifer (significant discrete trend median, -0.64 ft/yr)—Continued
391821104270601 DENV 14 44 —0.562 <0.0012 —0.942 -- -- --
391851104204501 DENMASO05 44 —0.732 <0.0012 —1.992 - - -
393350104151701 DENV 12 51 —0.23a 0.0382 —0.0292 —0.432 <0.0012 —0.0502
Arapahoe aquifer (significant discrete trend median, -0.39 ft/yr)
390800104172601 ARAP 8 25 —0.602 0.00222 —1.312 -- -- --
391208104053301 ARAP 7 36 -0.23 0.15 -0.029 -- -- --
391740104072401 ARAPMAS27¢ 38 -0.12 0.59 —0.030 -- -- --
391946104114501 ARAP 6 48 0.21¢ 0.079¢ 0.077¢ -- -- --
392400104150601 ARAPMAS28 50 -0.672 <0.0012 —0.332 -- -- --
392434104142701 ARAP 5 50 —0.862 <0.0012 —0.362 -- -- --
393225104073601 ARAP 4 38 —0.712 <0.0012 —0.392 -- -- --
393251104073701 ARAP3 46 -0.672 <0.0012 —1.342 -- -- --
Laramie-Fox Hills aquifer (significant discrete trend median, -0.63 ft/yr)

390817104040301 LARA7 43 —0.728 <0.0012 —0.572 - - -
391609104014001 LARA 6 50 —0.922 <0.0012 —-0.702 -- -- --
391621104012001 LARAS 48 -0.91a <0.0012 —0.682 -- -- --
392616103591001 LARA3 50 —0.392 0.00132 —0.392 —0.492 <0.0012 —0.412

aTrend is statistically significant.

bWell discontinued from routine monitoring in November 2023.

cLower desired confidence in trend significance where the p-value is less than or equal to 0.1, but greater than 0.05.

dWell discontinued from routine monitoring in October 2022.

¢Well discontinued from routine monitoring in December 2022.
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Figure 4. Distribution of statistically significant trends in discrete groundwater-level elevations, for the upper Dawson, lower Dawson,
Denver, Arapahoe, and Laramie-Fox Hills aquifers in the Denver Basin aquifer system, Elbert County, Colorado, 2015-23. Refer to table 1 and
figure 2 for well locations (USGS, 2023). Well common name abbreviations are as follows: UDAW, upper Dawson aquifer well; LDAW, lower
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Elbert County, Colorado. Refer to table 1 and figure 2 for well locations (USGS, 2023). Well common name abbreviations are as follows:
UDAW, upper Dawson aquifer well; and DAWMAS, upper or lower Dawson aquifer well.
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Potential Additional Work

Long-term groundwater-level elevations and trends moni-
toring through time can be used as a tool for water-resource
managers to guide and inform decisions on water use and
understanding potential effects of expected increasing water use
needs within Elbert County (Forsgren Associates Inc., 2018).
Differences in trends from Penn and Everett (2019) and trends
presented in this study clarify the potential benefit of continued
long-term monitoring and trend analysis. Continued monitoring
and analysis could be beneficial to assess water supplies because
of the expected decline in groundwater within the Denver Basin
aquifer system (Forsgren Associates Inc., 2018).

With the greatest negative trends occurring along the
western border of Elbert County near Douglas County, a
regional study and analysis combining data from groundwater-
monitoring networks of the Denver Basin aquifer system
in both Douglas and Elbert Counties could provide a better
understanding of how groundwater levels are changing region-
ally. A larger-scale study could produce regional groundwater-
level trend maps and regional potentiometric surface and
hydraulic-head difference maps. Additionally, a regional study
measuring groundwater-levels combined with groundwater-age
tracers (that is, carbon-14, stable isotope ratios of hydrogen
and oxygen, tritium, and chlorofluorocarbons) as conducted
by Musgrove and others (2014) could be used to calibrate and
potentially improve the Denver Basin groundwater model
(Paschke, 2011). Groundwater-age tracers could also provide
insight into aquifer vulnerability to contamination as well as
changing recharge sources (Musgrove and others, 2014), which
cannot be determined from groundwater levels alone.

Summary

Municipal and domestic water users in Elbert County
rely on groundwater from the bedrock aquifers in the Denver
Basin aquifer system (upper Dawson, lower Dawson, Denver,
Arapahoe, and Laramie-Fox Hills aquifers) for approximately
half of their water uses. Withdrawals from the bedrock aquifers
in the Denver Basin aquifer in Elbert, Arapahoe, El Paso,
and Douglas Counties have increased to meet the water use
needs of a growing population. The U.S. Geological Survey,
in cooperation with the Elbert County Board of County
Commissioners, began a study in 2015 to establish a network
of wells and measure groundwater levels on a bimonthly
interval. The purpose of the study is to assess the groundwater
resources of the Denver Basin aquifer system within Elbert
County by maintaining a groundwater-monitoring network and
by analyzing the groundwater levels of the bedrock aquifers
throughout Elbert County.

The primary purpose of this report builds on initial
observations made for a previous investigation that examined
groundwater-level elevations measured in Elbert County from
2015 through 2018 and to present a summary of groundwater
levels measured during the study period (2015-23). Some wells
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previously analyzed were not evaluated in this report because
of discontinuation of the wells from the groundwater network.
Discrete groundwater levels were measured at 36 wells within
Elbert County. Seven of those wells contained equipment to
make and record continuous groundwater-level measurements
at hourly intervals. Data collected from the wells were used to
calculate changes and trends in groundwater-level elevations
in all five bedrock aquifers within Elbert County. Trends were
calculated using the seasonal Mann-Kendall trend test on static
discrete groundwater-level elevations and continuous daily
maximum groundwater-level elevations. All aquifers, except the
lower Dawson aquifer, had only decreasing groundwater-level
elevations in discrete measurements for wells with statistically
significant trends. Of the eight statistically significant trends
in the lower Dawson aquifer, two wells indicated increasing
groundwater-level elevation from discrete measurements.
The groundwater-level elevation trend medians in the upper
Dawson, lower Dawson, Denver, Arapahoe, and Laramie-
Fox Hills aquifers were —0.23, —0.66, —0.64, —0.39, and
—0.63 feet per year, respectively, for discrete groundwater-level
elevation measurements. Trends in discrete groundwater-level
elevations were in agreement with statistically significant
trends in continuous groundwater-level elevations for all wells.
The groundwater-level elevation trend medians in this study,
compared to the overall trends in the 2015—18 study, both
indicated decreasing groundwater-level elevations except in the
upper Dawson aquifer, where the trend direction was opposite,
a positive trend (increasing groundwater elevations) from
2015 to 2018 and a negative trend (decreasing groundwater
elevations) from 2015 to 2023. The change in trends within
the upper Dawson aquifer may be affected by differences in
the study period and the trend analysis applied. The departure
from the 2015 median groundwater-level elevation for each
site in each aquifer indicated groundwater levels in each
aquifer were negative more frequently (at least 60 percent)
than positive, supporting negative trends. Wells nearest to
Elizabeth, Colorado, and the border between Elbert and
Douglas Counties had the greatest departures from the 2015
median in the upper and lower Dawson aquifers. Additionally,
30-year precipitation data were overlaid with the median
departure data to assess groundwater-level patterns in wells in
the five aquifers during wet and dry periods. Departures from
the 2015 median groundwater levels appeared greatest during
the dry period between 2020 and 2023. Potentiometric-surface
maps of the upper Dawson and lower Dawson aquifers for
April 2023 indicate groundwater flow is generally from south to
north in each aquifer.

Results of this study could be used by local water-
resource managers to make decisions about water use
within Elbert County and could be used to guide additional
groundwater-monitoring options. Results also could also be
used for a regional study of groundwater-level elevations in
the Denver Basin aquifer system to understand how ground-
water levels are changing in the region near Elbert County,
such as groundwater networks in Douglas County and
El Paso County Upper Black Squirrel Creek Designated
Groundwater Basin.
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Appendix 2. Hydrographs Showing Groundwater-Level Elevation Through Time
for Wells in Elbert County Groundwater-Level Monitoring Network

Hydrographs showing groundwater-level elevation
through time for each well in this study are presented in this
appendix (figs. 2.1 through 2.36). Measurement periods differ
but are generally from April 2015 through November 2023
for discrete and continuous measurements. Daily maximum
groundwater-level elevation, in feet above the North
American Vertical Datum of 1988, is plotted for continuous
measurements. Daily median and minimum values were not
plotted, but data are available; refer to the “Accessing Data”
section of this report. Discrete measurement symbols vary
by status; refer to “Study Methods” section of this report
for a description of the status codes. Well common names
include the following aquifer abbreviations and a number
assigned to complete each well name: upper Dawson aquifer
well, UDAW; lower Dawson aquifer well, LDAW; upper or
lower Dawson aquifer well, DAWMAS; Denver aquifer well,
DENYV and DENMAS; Arapahoe aquifer well, ARAP and
ARAPMAS; Laramie-Fox Hills aquifer well, LARA.

All discrete and continuous groundwater levels
summarized in this report are publicly available through the
USGS National Water Information System (NWIS) database
(USGS, 2023). The NWIS database website provides an
interface for accessing USGS site information, data, and is
regularly updated to reflect the most current data. Users of
the interface can retrieve USGS data by category, region, site
number, or many other criteria and produce tables and graphs
for web viewing or export. Site identification numbers in
table 1 are from the U.S. Geological Survey NWIS database
USGS, 2023). Data accessible from the NWIS database
can be downloaded in the R statistical software (R Core
Team, 2018) using the USGS “dataRetrieval” package
(De Cicco and others, 2024).
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Figure 2.2. Groundwater-level hydrograph for U.S. Geological Survey site number 391126104354701, well UDAW 19,
Elbert County, Colorado (USGS, 2023). UDAW, upper Dawson aquifer well.
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Figure 2.3. Groundwater-level hydrograph for U.S. Geological Survey site number 391545104335401, well DAWMAS22,
Elbert County, Colorado (USGS, 2023). DAWMAS, upper Dawson aquifer well
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Figure 2.4. Groundwater-level hydrograph for U.S. Geological Survey site number 391924104374101, well UDAW 14,
Elbert County, Colorado (USGS, 2023). UDAW, upper Dawson aquifer well.
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Figure 2.5. Groundwater-level hydrograph for U.S. Geological Survey site number 392133104310201, well UDAW 12,
Elbert County, Colorado (USGS, 2023). UDAW, upper Dawson aquifer well.
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Figure 2.6. Groundwater-level hydrograph for U.S. Geological Survey site number 392203104342301, well UDAW 16,
Elbert County, Colorado (USGS, 2023). UDAW, upper Dawson aquifer well.

6,399
6,397

6,395

o o
w w
© ©
= @

of 1988, in feet

6,389

6,387

U.S. Geological Survey site number 392355104382001, well UDAW 15

Groundwater-level elevation above
North American Vertical Datum

6,385

1

&

(6]
° & &

1
1
1
1

S

h’Q‘.’

T T T T T T EXPLANATION
_ Discrete groundwater-level status
o9 -4 - Recently pumped
() -1 _ _ .
I‘ b ’. \‘ ”\ @ Static
\ 1
\/ 1 Q ” -
“ :’l Voo “\Q Q@
\ ! -
‘ \‘ I‘ \ I \
v \ ', \

| | | |
2015 2016 2017 2018

2019 2020 2021 2022 2023 2024
Date

Figure 2.7. Groundwater-level hydrograph for U.S. Geological Survey site number 392355104382001, well UDAW 15,
Elbert County, Colorado (USGS, 2023). UDAW, upper Dawson aquifer well.
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Figure 2.8. Groundwater-level hydrograph for U.S. Geological Survey site number 392856104393801, well UDAW 13,
Elbert County, Colorado (USGS, 2023). UDAW, upper Dawson aquifer well.
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Figure 2.9. Groundwater-level hydrograph for U.S. Geological Survey site number 392806104331901, well UDAW 20,
Elbert County, Colorado (USGS, 2023). UDAW, upper Dawson aquifer well.
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Figure 2.11. Groundwater-level hydrograph for U.S. Geological Survey site number 391502104273601, well LDAW 16,
Elbert County, Colorado (USGS, 2023). LDAW, lower Dawson aquifer well.
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U.S. Geological Survey site number 391829104385301, well LDAW 15
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Figure 2.12. Groundwater-level hydrograph for U.S. Geological Survey site number 391829104385301, well LDAW 15,
Elbert County, Colorado (USGS, 2023). LDAW, lower Dawson aquifer well.
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Figure 2.13. Groundwater-level hydrograph for U.S. Geological Survey site number 391852104391301, well DAWMAS16,
Elbert County, Colorado (USGS, 2023). DAWMAS, lower Dawson aquifer well.
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U.S. Geological Survey site number 392058104364401, well LDAW 12
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Figure 2.14. Groundwater-level hydrograph for U.S. Geological Survey site number 392058104364401, well LDAW 12,
Elbert County, Colorado (USGS, 2023). LDAW, lower Dawson aquifer well.
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Figure 2.15. Groundwater-level hydrograph for U.S. Geological Survey site number 392125104323701, well LDAW 14,
Elbert County, Colorado (USGS, 2023). LDAW, lower Dawson aquifer well.
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Figure 2.16. Groundwater-level hydrograph for U.S. Geological Survey site number 392131104351701, well DAWMAS21,
Elbert County, Colorado (USGS, 2023). DAWMAS, lower Dawson aquifer well.
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Figure 2.17. Groundwater-level hydrograph for U.S. Geological Survey site number 392724104341901, well LDAW 13,
Elbert County, Colorado (USGS, 2023). LDAW, lower Dawson aquifer well.
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Figure 2.18. Groundwater-level hydrograph for U.S. Geological Survey site number 393227104343401, well DAWMAS19,
Elbert County, Colorado (USGS, 2023). DAWMAS, lower Dawson aquifer well.
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Figure 2.19. Groundwater-level hydrograph for U.S. Geological Survey site number 390755104172501, well DENV 17,
Elbert County, Colorado (USGS, 2023). DENV, Denver aquifer well.
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Figure 2.20. Groundwater-level hydrograph for U.S. Geological Survey site number 391257104173601, well DENV 16,
Elbert County, Colorado (USGS, 2023). DENV, Denver aquifer well.
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Figure 2.21. Groundwater-level hydrograph for U.S. Geological Survey site number 391811104140301, well DENV 15,Elbert
County, Colorado (USGS, 2023). DENV, Denver aquifer well.
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roundwater-level hydrograph for U.S. Geological Survey site number 391821104270601, well DENV 14,

Elbert County, Colorado (USGS, 2023). DENV, Denver aquifer well.
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Figure 2.23. Groundwater-level hydrograph for U.S. Geological Survey site number 391851104204501, well DENMASO05,
Elbert County, Colorado (USGS, 2023). DENMAS, Denver aquifer well.
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Figure 2.24. Groundwater-level hydrograph for U.S. Geological Survey site number 393350104151701, well DENV 12,
Elbert County, Colorado (USGS, 2023). DENV, Denver aquifer well.
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Figure 2.25. Groundwater-level hydrograph for U.S. Geological Survey site number 390800104172601, well ARAP 8,
Elbert County, Colorado (USGS, 2023). ARAP, Arapahoe aquifer well.
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Figure 2.26. Groundwater-level hydrograph for U.S. Geological Survey site number 391208104053301, well ARAP 7,
Elbert County, Colorado (USGS, 2023). ARAP, Arapahoe aquifer well.
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Groundwater-level hydrograph for U.S. Geological Survey site number 391740104072401, well ARAPMAS?27,
Elbert County, Colorado (USGS, 2023). ARAPMAS, Arapahoe aquifer well.
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Figure 2.28. Groundwater-level hydrograph for, U.S. Geological Survey site number 391946104114501, well ARAP 6,
Elbert County, Colorado (USGS, 2023). ARAP, Arapahoe aquifer well.
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Figure 2.30. Groundwater-level hydrograph for U.S. Geological Survey site number 392434104142701, well ARAP 5,
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Figure 2.32. Groundwater-level hydrograph for U.S. Geological Survey site number 393251104073701, well ARAP 3,

Elbert County, Colorado (USGS, 2023). ARAP, Arapahoe aquifer well.
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Figure 2.33. Groundwater-level hydrograph for U.S. Geological Survey site number 390817104040301, well LARA 7,

Elbert County, Colorado (USGS, 2023). LARA, Laramie-Fox Hills aquifer well.
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Figure 2.34. Groundwater-level hydrograph for U.S. Geological Survey site number 391609104014001, well LARA 6,

Elbert County, Colorado (USGS, 2023). LARA, Laramie-Fox Hills aquifer well.
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Figure 2.35. Groundwater-level hydrograph for U.S. Geological Survey site number 391621104012001, well LARA 5,
Elbert County, Colorado (USGS, 2023). LARA, Laramie-Fox Hills aquifer well.
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Figure 2.36. Groundwater-level hydrograph for U.S. Geological Survey site number 392616103591001, well LARA 3,
Elbert County, Colorado (USGS, 2023). LARA, Laramie-Fox Hills aquifer well.
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Appendix 3 Y|

Appendix 3. Descriptions and Equations of Mann-Kendall Test, Seasonal
Mann-Kendall Test, and Theil-Sen Slope Estimate

The Mann-Kendall (M—K) trend test evaluates the
strength of the monotonic association between two vectors, in
this case groundwater-level elevations (y) and time (x). The
nonparametric M—K test requires no assumptions of sample
distribution, trend shape, or data continuity when measuring
the strength of the relation. The M—K test compares the
number of times y decreases as x increases (discordant pairs)
to the number of times y increases as x increases (eq. 3.1;
concordant pairs; Helsel and others, 2020):

§= 2i<j (sign(xj - xi) X sign (y/ ‘Yi)) (3.1
where
S is the test statistic, which estimates the
monotonic dependence of y on x;
X is the rank of time variable, from least to most
recent; and
y  is the measured groundwater-level elevation,

in feet above North American Vertical
Datum of 1988.

The strength of the monotonic association is then estimated
by Kendall’s tau (t), also known as the rank correlation
coefficient (Helsel and others, 2020). Kendall’s tau is
analogous to the linear correlation coefficient and compares
the S test statistic to the maximum possible value of §

(eq. 3.2):
T= S/(_n(n—l)}

3.2
> (3.2)
where
T is the rank correlation coefficient and
n is the number of data pairs.

The range for 1 is always between —1 (where all y values
decrease with increasing x values) and +1 (where all y values
increase with increasing x values). A t value close to zero
indicates a weak dependence of y on x, or a lack of trend.
Absolute T values greater than 0.7 are considered to indicate
strong correlation (Helsel and others, 2020). A probability
value (p-value) can be calculated or estimated (depending
on the sample size) using the S statistic and its distribution
(Helsel and others, 2020). Although the M—K test is preferred,
rather than parametric methods in scenarios, where residuals’
distributions are nonnormal or the correlation between x and y
is nonlinear (Hirsch and others, 1991), the M—K test evaluates
monotonic (consistently negative or positive) trends. Datasets
with repeated negative and positive correlations will result

in a nonsignificant trend. This condition means that standard
M-K tests are not suitable for data with cyclical seasonality,
unless the applied method accounts for periodicity.

To account for seasonality, the seasonal Mann-Kendall
(sM—K) test was used, which conducts separate M—K tests
for each season separately (for example, January data are
only compared to January data in other years). The S test
statistics are calculated for each month (eq. 3.1), and then
the individual months’ § statistics are summed for an overall
S test statistic (Sk; Helsel and others, 2020). Subsequently,
an overall T and the p-value can be calculated from Sk values
for each record. To evaluate trend significance, a hypothesis
test and the derived p-value were used. The null hypothesis
of no monotonic trend and an alpha (o)) of 0.05 were used.
Therefore, when the p-value was less than or equal to 0.05, the
null hypothesis was rejected, and a trend in groundwater-level
elevations was considered statistically significant. The Theil-
Sen slope estimate is referred to as the “trend estimate” or
“trend” in groundwater-level elevations in the report (table 3).
The Theil-Sen slope estimate was used to calculate the trend
in groundwater-level elevations by using the same pairs of x
and y data used to compute S in the Mann-Kendall test. The
Theil-Sen slope is calculated by taking the median of the slope
of each pair as follows (eq. 3.3):

Bss =median (u]

xj—xl.

(3.3)

where
Bss is the Theil-Sen slope estimate, in feet
per year.
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