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Conversion Factors
Inch/Pound to SI

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

acre 4,047 square meter (m2)
acre 0.4047 hectare (ha)
acre 0.004047 square kilometer (km2)
square mile (mi2) 259.0 hectare (ha)
square mile (mi2) 2.590 square kilometer (km2) 

Volume

acre-foot (acre-ft) 1,233 cubic meter (m3)
acre-foot (acre-ft) 0.32581 million gallons (Mgal)

Flow rate

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s)

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88)

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83)

Altitude, as used in this report, refers to distance above the vertical datum.
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Abstract
Development of the Wichita well field in the Equus Beds 

aquifer in southwest Harvey County and northwest Sedgwick 
County began in the 1940s to supply water to the city of 
Wichita. The decline of water levels in the Equus Beds aquifer 
was noted soon after the development of the Wichita well field 
began. Development of irrigation wells began in the 1960s. 
City and agricultural withdrawals led to substantial water-level 
declines. Water-level declines likely enhanced movement of 
brines from past oil and gas activities near Burrton, Kansas, 
as well as natural saline water from the Arkansas River into 
the Wichita well field area. Large chloride concentrations may 
limit use, or require the treatment of water from the well field 
for irrigation or public supply. In 1993, the city of Wichita 
adopted the Integrated Local Water Supply Program to ensure 
an adequate water supply for the city through 2050 and man-
age effectively the part of the Equus Beds aquifer Wichita 
uses. The Integrated Local Water Supply Program uses several 
strategies to do this, including the Equus Beds Aquifer Storage 
and Recovery project. The purpose of the Aquifer Storage 
and Recovery project is to store water in the aquifer for later 
recovery, and help protect the aquifer from encroachment of 
a known oil-field-brine plume near Burrton and saline water 
from the Arkansas River. Since 1940, the U.S. Geological 
Survey, in cooperation with the city of Wichita, has monitored 
changes in the Equus Beds aquifer as part of Wichita’s effort 
to manage this resource effectively.

Average water-level changes since predevelopment 
(before substantial pumpage began in the area) for winter 
2012, summer 2012, winter 2013, and winter 2014 generally 
indicate greater declines in the central part of the study area 
than in either the basin storage or entire study area. In contrast, 
average water-level rises since 1993 for winter 2012, sum-
mer 2012, winter 2013, and winter 2014 were greater for the 
central part of the study area than for either the basin storage 
area or entire study area. This indicates the central part of the 
study area had more post-1993 water-level recovery than did 
the rest of the study area. In the central part of the study area, 
city water use decreased by about 40 percent, and irrigation 
water use increased by about 3 percent compared to pre-1993 
peaks in 1992 and 1991, respectively, whereas irrigation water 

use outside the central part of the study area increased by 
about 24 percent from the pre-1993 peak in 1991. Part of the 
larger increase in irrigation pumpage probably was a result of 
drought-term and multiyear flex account permits, which were 
estimated to account for about 8 and 4 percent of irrigation 
pumpage in the study area in 2011 and 2012.

There was a larger percentage storage-volume increase 
since 1993 in the central part of the study area than in either 
the basin storage area or the entire study area. Storage-volume 
in the central part of the study area during winter 2012, sum-
mer 2013, winter 2013, and winter 2014 recovered about 
46,300 acre-feet or more compared to the storage volume in 
1993. In summer 2012 and winter 2013, the storage-volume 
increase since 1993 was larger in the central part of the study 
area than in the entire study area, indicating the storage-
volume increases in the central part of the study area offset 
decreases in storage volume in the rest of the study area. 
The larger increase in storage volume in the central part of 
the study area than in the rest of the study area probably was 
because of the Integrated Local Water Supply Program strat-
egy that reduced city pumpage from the Equus Beds aquifer 
by about 40 percent. The current (winter 2014) storage vol-
umes in the entire study area and the central part of the study 
area are about 94 and 96 percent of their respective predevel-
opment storage volumes or about 3,067,000 and 962,000 acre-
feet, respectively.

Introduction
Development of the Wichita well field in the Equus Beds 

aquifer in southwest Harvey County and northwest Sedg-
wick County began in the 1940s to supply water to the city 
of Wichita, the largest city in Kansas (fig. 1; Williams and 
Lohman, 1949; Gibson, 1998; U.S. Census Bureau, 2012). 
The other primary use of water from the Equus Beds aquifer is 
crop irrigation in this agriculturally dominated part of south-
central Kansas (Rich Eubank, Kansas Department of Agricul-
ture, Division of Water Resources, oral commun., 2008). Soon 
after development of the Wichita well field began, water levels 
in the Equus Beds aquifer began to decline (Williams and 
Lohman, 1949). Large-scale development of irrigation wells 
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began in the 1960s. City and agricultural withdrawals have 
led to substantial declines. As water levels in the Equus Beds 
aquifer decline, the volume of water stored in the Equus Beds 
aquifer decreases, and less water is available to supply future 
needs. Water-level declines in and near the well field increase 
the groundwater gradient toward the well field, and likely 
cause movement or increased movement of brines from past 
oil and gas activities near Burrton, Kans., as well as natural 
saline water from the Arkansas River (fig. 1), into the well 
field area. Further movement into the well field area of these 
waters with large chloride concentrations may limit use or 
may require treatment of water from the well field area for irri-
gation or public supply (Ziegler and others, 2010). Since 1940, 
the U.S. Geological Survey (USGS), in cooperation with the 
city of Wichita, has monitored changes in water levels and the 
resulting changes in storage volume in the Equus Beds aquifer 
as part of Wichita’s effort to manage this resource effectively.

In 1993, the city of Wichita adopted the Integrated Local 
Water Supply Program (ILWSP) to ensure an adequate water 
supply for the city through the year 2050 and as part of its 
effort to effectively manage the part of the Equus Beds aquifer 
it uses (City of Wichita, [2007?], 2008; Desilva and Ary, 2011; 
Warren and others, 1995). The ILWSP uses several strategies 
to do this including the following: (1) having greater reliance 
on other sources of water from outside the study area [for 
example, Cheney Reservoir (fig. 1), the Bentley Well Field 
southwest of the Arkansas River, and Wichita’s Local Well 
Field at the confluence of the Arkansas and Little Arkansas 
Rivers; locations not shown on figures]; (2) encouraging 
conservation; and (3) developing the Equus Beds Aquifer 
Storage and Recovery (ASR) project with a designed artificial-
recharge capacity of as much as 100 million gallons per day 
(Mgal/d; City of Wichita, [2007?], 2008; Desilva and Ary, 
2011). The purpose of the Equus Beds ASR project is to store 
and later recover groundwater, and to help protect that part of 
the Equus Beds aquifer used by the city from the encroach-
ment of a known oil-field-brine plume near Burrton, Kans., 
and saline water from the Arkansas River (fig. 1; Ziegler and 
others, 2010). In 2007, the city of Wichita began using the 
Phase I facilities of the Equus Beds ASR project to increase 
long-term (more than 50 years) sustainability of the Equus 
Beds aquifer through large-scale artificial recharge (City of 
Wichita, [2007?]; Desilva and Ary, 2011). The ASR project 
uses water from the Little Arkansas River—pumped either 
from the river directly or from wells in the riverbank that 
obtain their water from the river by induced infiltration—as 
the source of artificial recharge to the Equus Beds aquifer 
(fig. 1; City of Wichita, [2007?]). For Phase I, the water 
pumped directly from the Little Arkansas River was treated to 
reduce sediment and remove atrazine before being recharged 
to the Equus Beds aquifer through recharge basins; water 
pumped from wells in the riverbank does not receive addi-
tional treatment before being recharged to the Equus Beds 
aquifer through recharge basins or wells (Debra Ary, city of 
Wichita, written commun., 2012). Phase II recharge facilities 
began operation in April 2013 and treat water withdrawn from 

the Little Arkansas River using ultrafiltration membranes and 
advanced oxidation techniques. The treated water can then be 
recharged into spreading basins or recharge wells throughout 
the area, and stored in the Equus Beds aquifer for future use 
(Debra Ary, city of Wichita, written commun., 2012).

Purpose and Scope

The purpose of this report is to document the status of 
groundwater levels and storage volumes in the Equus Beds 
aquifer for winter 2012, summer 2012, winter 2013, and 
winter 2014. Specifically, the following are documented: 
(1) the water-level altitudes in the shallow and deep parts 
of the Equus Beds aquifer; (2) the water-level and storage-
volume changes in the shallow part of the Equus Beds aquifer 
since predevelopment (generally before September 1940 when 
substantial pumpage began in the study area) and 1993; and 
(3) water-level changes in the deep part of the Equus Beds 
aquifer since 1993. Information in this report can be used 
to document and improve understanding of water-resource 
management practices on water supplies in the Equus Beds 
aquifer, which is an important source of water for the city of 
Wichita and the surrounding area.

Description of Study Area

The study area covers about 189 square miles (mi2) and 
is northwest of Wichita in Harvey and Sedgwick Counties 
(fig. 1). It is mostly bordered on the southwest by the Arkan-
sas River and on the east by the Little Arkansas River (fig. 1). 
Land surface in the study area typically slopes gently toward 
the major streams from an altitude of about 1,510 feet (ft) 
above the North American Vertical Datum of 1988 (NAVD 88) 
in the northwest to a low of about 1,325 ft in the southeast. 
The study area represents about one-seventh of the 1,400-mi2 
Equus Beds aquifer area (fig. 1). About one-third of the 
pumpage from the Equus Beds aquifer occurs in the study 
area (Kansas Department of Agriculture, 2011). Irrigation and 
city use dominate pumpage from the Equus Beds aquifer in 
the study area (Hansen and Aucott, 2010). Pumpage from the 
study area in 2012 (latest year for which pumpage is available) 
was about 40,800 acre-feet (acre-ft) for irrigation and about 
21,600 acre-ft for the city of Wichita (Kansas Department of 
Agriculture, and Kansas Geological Survey, 2014).

The about 141-mi2 Basin Storage Area (BSA; fig. 1) is 
defined as the recharge-credit accounting area by Wichita’s 
Equus Beds ASR permits. The BSA is used by the city of 
Wichita, the Equus Beds Groundwater Management District 
Number 2 (GMD2), and the Kansas Department of Agricul-
ture, Division of Water Resources (KDA DWR) to estimate 
the location of artificially recharged water in the Equus 
Beds aquifer, and to determine where and how much of this 
recharged water can be used in the future by Wichita (Kansas 
Department of Agriculture, 2005). 
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Figure 1.  Location of study area near Wichita, south-central Kansas (modified from Aucott and Myers, 1998).
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The central part of the study area (CENWWF as identi-
fied by Kelly and others (2013); fig. 1) covers about 55 mi2, 
or less than one-third of the study area, and is the historic 
center of pumping in the study area. The CENWWF includes 
wells used to supply water to the city of Wichita and many 
wells used for irrigation (Kansas Department of Agriculture 
and Kansas Geological Survey, 2014). Pumpage from the 
CENWWF in 2012 was about 11,700 acre-ft for irrigation and 
about 21,400 acre-ft for the city of Wichita (Kansas Depart-
ment of Agriculture and Kansas Geological Survey, 2014). 

South-central Kansas has a continental climate character-
ized by large variations in seasonal temperatures, moderate 
precipitation, and windy conditions. In Wichita, long-term 
daily normal temperatures for 1981–2010 ranged from 
32.2 degrees Fahrenheit (°F) in January to 81.1 °F in July 
(National Oceanic and Atmospheric Administration, 2014b). 
The long-term (1940–2013) annual average precipitation at 
weather stations in or near the study area (at Bentley, Halstead, 
Hutchinson, Mount Hope, Newton, Sedgwick, and Wichita, 
Kans.) is 31.38 inches (in.; National Oceanic and Atmospheric 
Administration, 2014a; fig. 2A). Annual average precipitation 
values ranged from about 46 to 153 percent of the long-term 
average during 1940 through 2013. The extent and severity 
of periods of greater- or less-than average precipitation are 
indicated distinctly by the 5-year moving average (fig. 2A). 
Average annual precipitation in the study area in 2011, 2012, 
and 2013 was 20.84, 22.96, and 39.56 in. (fig. 2A), or 66, 73, 
and 126 percent of the long-term average. When precipitation 
is equal to the long-term average, irrigation use in the study 
area from the Equus Beds aquifer is expected to be about 
32,000 acre-ft per year (fig. 3). In dry years when precipita-
tion in the study area is only about 75 percent or less of the 
long-term average, irrigation water use generally is expected 
to increase by at least 20 percent to about 38,000 acre-ft or 
more (fig. 3).

Precipitation in the study area affects streamflow in 
the Little Arkansas River, which Wichita uses as its source 
of water for artificial recharge. The much less than average 
precipitation during 2011, 2012, and the first part of 2013 
(fig. 2A) decreased flow in the Little Arkansas River, and 
Wichita’s ability to divert water for artificial recharge. Wichita 
can divert water at Phase I ASR sites from the Little Arkansas 
River when streamflow measured at USGS gage on the Little 
Arkansas River at Highway 50 near Halstead (07143672; 
fig. 1) is greater than 57 cubic feet per second (ft3/s) during 
April 1 through September 30 or greater than 20 ft3/s during 
October 1 through March 31 (Kansas Department of Agri-
culture, 2005). Mean daily streamflow in the Little Arkansas 
River at Highway 50 near Halstead exceeded the conditions 
required for artificial recharge for about 42 percent of the 
period of record (May 1, 1995 through December 31, 2013; 
U.S. Geological Survey, 2014a). However, artificial recharge 
flow conditions in the Little Arkansas River at Highway 50 
near Halstead were exceeded for only about 8 percent of the 
time from April 1, 2011 through September 30, 2013 (U.S. 
Geological Survey, 2014a). 

Wichita can divert water from the Little Arkansas River 
at the ASR Phase II site near Sedgwick only if flow in the 
stream is maintained at 30 ft3/s or greater at the USGS gage on 
the Little Arkansas River at Valley Center (07144200; Kansas 
Department of Agriculture, 2009), which is near the down-
stream edge of the study area (fig. 1). Mean daily streamflow 
in the Little Arkansas River at Valley Center exceeded 30 ft3/s 
for about 77 percent of the period of record (June 10, 1922, 
through December 13, 2013; U.S. Geological Survey, 2014a). 
In contrast, mean daily streamflow in the Little Arkansas River 
at Valley Center exceeded 30 ft3/s for only about 30 per-
cent of the time from April 1, 2011 through March 31, 2013 
(U.S. Geological Survey, 2014a). Diversions at the ASR Phase 
II site are additionally restricted by freezing temperatures; 
therefore, diversions at the ASR Phase II site are confined to 
April 15 through October 15. Mean daily streamflow exceeded 
30 ft3/s only about 14 percent of the time between April 15 
through October 15 in 2011 and 2012 (U.S. Geological Sur-
vey, 2014a).

Hydrogeology of the Study Area

The Equus Beds aquifer is the easternmost extension of 
the High Plains aquifer in Kansas (fig. 1; Stullken and others, 
1985; Hansen and Aucott, 2001). The Equus Beds aquifer 
covers about 1,400 mi2 in Kansas or about 5 percent of the 
about 30,900 mi2 covered by the High Plains aquifer in Kansas 
(fig. 1). The Equus Beds aquifer is an important source of 
water because of the generally shallow depth to the water 
table, the large saturated thickness, generally good hydraulic 
conductivity, and generally good water quality. 

The Equus Beds aquifer (fig. 1) primarily consists of 
Quaternary-age alluvial deposits, locally known as the Equus 
beds, with some dune sand and loess (Myers and others, 
1996). The alluvial deposits are as thick as 250 ft in the study 
area near the Arkansas River (Leonard and Kleinschmidt, 
1976). The Equus beds primarily consist of sand and gravel 
interbedded with clay or silt, but locally may consist primar-
ily of clay with thin sand and gravel layers (Lane and Miller, 
1965; Myers and others, 1996). North of U.S. Highway 50 
and south of the Little Arkansas River in the study area, an 
area of dune sands (fig. 1) is underlain by thick clay layers 
that restrict the downward movement of water in the Equus 
Beds aquifer and create the confined to semiconfined condi-
tions in the deep Equus Beds aquifer layer (Kelly and others, 
2013). The about 700-ft thick Permian-age Wellington Forma-
tion underlies the Equus beds in the study area and forms 
a bedrock confining unit (Bayne, 1956; Myers and others, 
1996). Using the groundwater flow model of Kelly and others 
(2013), the total storage volume (the amount of water avail-
able for use) of the Equus Beds aquifer was estimated at about 
3,192,000 acre-ft for the study area, 2,400,000 acre-ft for the 
BSA, and 1,025,000 acre-ft for the CENWWF (Hansen and 
others, 2013).
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Figure 2.  Relation of A, precipitation; and B, water use for the city of Wichita public supply and agricultural irrigation in the 
study area, 1938 through 2013. [Precipitation data are from National Oceanic and Atmospheric Administration (2014a); water-use 
data are from Wichita Water Department [1959?], Stramel (1956, 1967), G.T. Blain (written commun., city of Wichita, 1997), Megan 
Schmeltz (written commun., city of Wichita, 2009), Kansas Department of Agriculture and Kansas Geological Survey (2014), Kansas 
Department of Agriculture (unpub. data, 2014), and U.S. Geological Survey (2014).]
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Near the Arkansas River and in the west part of the study 
area (fig. 1), the water table in the Equus Beds aquifer can be 
less than 10 ft below land surface. Farther from the Arkansas 
River and near the Little Arkansas River (fig. 1), the water 
table can be at a greater depth (as much as 50 ft below land 
surface in January 2012) depending on the altitude of the land 
surface and the amount of water-level decline that has been 
caused by groundwater withdrawals. The saturated thickness 
of the Equus Beds aquifer within the study area ranges from 
about 75 ft near the Little Arkansas River to almost 250 ft 
near the Arkansas River where the lowest areas of the underly-
ing bedrock surface occur (Spinazola and others, 1985). The 
Equus Beds aquifer is unconfined, but the presence of clay 
layers has resulted in semiconfined conditions in some areas 
(Spinazola and others, 1985; Stramel, 1967). These semicon-
fined conditions may have resulted in the substantial water-
level and water-quality differences in the shallow and deep 
parts of the Equus Beds aquifer in some parts of the study area 

(Stramel, 1956; Whittemore, 2007, 2012; and Ziegler and oth-
ers, 2010). These substantial differences, along with a need to 
monitor the long-term effects of artificial recharge on the shal-
low and deep parts of the Equus Beds aquifer, led to develop-
ment of separate water-level altitude maps of the shallow and 
deep parts of the Equus Beds aquifer. 

Previous Studies

The Equus Beds aquifer (fig. 1) has been extensively 
studied because of its importance as a source of water for 
cities, agriculture, and industry. As noted by Kelly and others 
(2013), these previous studies include the following: Wil-
liams and Lohman (1949), Stramel (1956, 1962a, 1962b, 
1967), Petri and others (1964), Sophocleous (1983), Spinazola 
and others (1985), Pruitt (1993), Myers and others (1996), 
Aucott and Myers (1998), Aucott and others (1998), Ziegler 

Figure 3.  Statistical relation between annual groundwater irrigation use and average annual 
precipitation in the study area, 1988 through 2012. [Precipitation data are from National Oceanic and 
Atmospheric Administration (2014a); water-use data are from Kansas Department of Agriculture and 
Kansas Geological Survey (2014).]
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and others (1999, 2010), Hansen and Aucott (2001, 2004, 
2010), Hansen (2007, 2009a, 2009b, 2011a, 2011b, 2012), and 
Hansen and others (2013). In addition, Burns and McDon-
nell Engineering, Inc. (Kansas City) has worked with the 
city of Wichita to determine the location and amount of the 
ASR recharge credits the city of Wichita is permitted to pump 
from the Equus Beds aquifer as part of the annual accounting 
required by KDA DWR.

Methods

This section describes the methods used to define the 
shallow and deep parts of the Equus Beds aquifer. The sources 
of measured groundwater and surface-water levels, precipita-
tion and water-use data, and estimates of specific yield are 
discussed. The techniques used to compute and estimate 
water-level altitudes, water-level changes, and storage-volume 
changes are described.

Shallow and Deep Parts of the Equus Beds 
Aquifer

Wells completed and screened in the Equus Beds aquifer 
were assigned to either the shallow or deep parts of the Equus 
Beds aquifer based on the depth of the bottom of the well cas-
ing or of the screened interval to describe differences between 
the water levels in the shallow and deep parts of the Equus 
Beds aquifer. These assignments were based on Equus Beds 
GMD2 aquifer zone designations, and on well completion and 
screen depths. GMD2 has identified as many as four aquifer 
zones (designated AA, A, B, and C, in order of descending 
depth) within the Equus Beds aquifer where there are com-
petent clay layers separating the zones (Tim Boese, Equus 
Beds Groundwater Management District Number 2, written 
commun., 2009). The A, B, and C zones are similar to the 
upper, middle, and lower aquifer units defined by Myers and 
others (1996); the AA zone is of more limited areal extent and 
would be considered part of the upper aquifer unit. GMD2 
monitoring wells generally are in clusters (closely spaced 
wells screened at different depths) with each well screened 
in a different aquifer zone. For this report, wells designated 
by GMD2 as completed in zones A and C were assigned to 
the shallow and deep parts of the Equus Beds aquifer, respec-
tively; no wells designated as completed in zone AA were used 
in this study. A few wells designated by GMD2 as being in 
zone B that were deemed to be in the same zone as the nearby 
BSA deep index wells were used to supplement interpretation 
of the deep water-level altitude map. 

The city of Wichita has monitoring wells, some of which 
are in clusters, which have not been assigned to GMD2 zones. 
The shallower well in each city well cluster was assumed 
to be in and assigned to the shallow part of the Equus Beds 
aquifer; the deeper well in each cluster was assumed to be 
in and assigned to the deep part of the Equus Beds aquifer. 
Ziegler and others (2010) used a depth of 80 ft as the dividing 

point between the shallow and deep parts of the Equus Beds 
aquifer. An analysis of the GMD2 and city of Wichita well 
clusters in the study area by Hansen (2011b) indicated about 
90 percent of the GMD2 zone A wells and shallower wells in 
city well clusters were completed and screened to a depth of 
80 ft or less; about 90 percent of the GMD2 zone C wells and 
deeper wells in city well clusters were completed and screened 
to a depth of greater than 80 ft. Thus, use of the 80 ft depth 
as the dividing point between shallow and deep parts of the 
Equus Beds aquifer was reasonable when assigning the city of 
Wichita monitoring wells that were not in clusters into either 
the shallow or deep parts of the Equus Beds aquifer. Examina-
tion of well and screen depths and of water-level hydrographs 
led in a few cases to assigning more than one well in a cluster 
to the same part of the Equus Beds aquifer. In most of these 
cases, both wells were less than 80 ft deep and were assigned 
to the shallow part of the Equus Beds aquifer. 

Water Levels
The city of Wichita’s historic monitoring and production 

wells have been used for monitoring water levels in the Equus 
Beds aquifer for decades (many since the late 1930s; Stra-
mel, 1956). Some of the historic wells in the CENWWF were 
replaced in 2009 through 2010 as part of Phase II of the ASR 
project. The BSA index (IW) monitoring wells (fig. 1) were 
installed in 2001 and 2002 to monitor the effects of artificial 
recharge on water quality and water levels in the Equus Beds 
aquifer, and to determine if there are water-quality differences 
between the shallow and deep parts of the Equus Beds aquifer 
(Andrew Ziegler, U.S. Geological Survey, oral commun., 
2003). The ASR Phase I monitoring wells were installed to 
monitor the potential effects of artificial recharge around the 
six ASR Phase I artificial recharge sites. The ASR Phase II 
monitoring wells were installed in 2009 and 2010 to monitor 
the potential effects of artificial recharge on water quality in 
the Equus Beds aquifer near Phase II artificial recharge sites 
as required by the Kansas Department of Health and Envi-
ronment Class V permit (Andrew Ziegler, U.S. Geological 
Survey, written commun., 2014). The GMD2 monitoring wells 
were installed for GMD2 beginning in 1978 or are existing 
wells used by GMD2 to monitor the Equus Beds aquifer. 

Water-Level Measurements

Water levels in the Equus Beds aquifer were measured 
from January 3, 2012, through January 15, 2014, in 224 city 
of Wichita historic monitoring or production wells, or their 
replacements; 76 IW monitoring wells; 39 Phase I and II 
monitoring wells; and 54 GMD2 monitoring wells. These data 
were used to represent water-level conditions in winter 2012, 
summer 2012, winter 2013, and winter 2014 in the shallow 
and deep parts of the Equus Beds aquifer in the study area. 
Water levels from an additional 19 Wichita historic monitor-
ing wells and 94 GMD2 monitoring wells in the shallow and 
deep parts of the Equus Beds aquifer outside the study area 
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were used to improve the analyses and interpretations near 
the boundaries of the study area, but are not discussed or 
presented in this report. Not all wells were measured during 
every time period, and not all wells measured in a given time 
period were used in this report. City of Wichita personnel 
measured water levels in the historic monitoring wells at least 
quarterly and measured water levels monthly in many of the 
historic monitoring wells in the CENWWF. GMD2 personnel 
measured water levels in the IW and GMD2 and monitoring 
wells. The IW monitoring wells were measured quarterly by 
GMD2. Some of the GMD2 monitoring wells only were mea-
sured annually during the winter months (December through 
March) of the year after the irrigation season had ended; other 
wells were measured by GMD2 on a quarterly or monthly 
basis. USGS personnel measured water levels in the remain-
ing Phase I and II monitoring wells. Water levels in some 
of the IW and Phase I monitoring wells also were measured 
by the USGS using multisensor monitors that continuously 
collect physical properties including water-level altitude. All 
agencies used standard water-level measurement techniques 
that are similar to USGS methods described in Cunningham 
and Schalk (2011). The historic monitoring well data are on 
file, in paper and electronic form, with the Public Works and 
Utilities Department in Wichita; the IW and GMD2 monitor-
ing well data collected by GMD2 are stored in the Kansas 
Geological Survey Water Information Storage and Retrieval 
Database (WIZARD; Kansas Geological Survey, 2014). Well 
data collected by the USGS are stored in the USGS National 
Water Information System (NWIS) database (U.S. Geological 
Survey, 2012). All of the measured water-level data used in 
this report also are stored in NWIS. 

For winter 2012, groundwater levels were measured 
from December 1, 2011, through February 21, 2012, at 194 
wells in the shallow part of the Equus Beds aquifer and from 
December 1, 2011, through February 1, 2012, at 170 wells in 
the deep part of the Equus Beds aquifer. For summer 2012, 
groundwater levels were measured from July 2, 2012, through 
September 25, 2012, at 190 wells in the shallow part of the 
Equus Beds aquifer and from July 2, 2012, through September 
20, 2012, in 163 wells in the deep part of the Equus Beds aqui-
fer. For winter 2013, groundwater levels were measured from 
November 30, 2012, through February 6, 2013, at 180 wells in 
the shallow part of the Equus Beds aquifer and from Novem-
ber 30, 2012, through February 6, 2013, at 145 wells in the 
deep part of the Equus Beds aquifer. For winter 2014, ground-
water levels were measured from January 2, 2014, through 
January 8, 2014, at 223 wells in the shallow part of the Equus 
Beds aquifer and from January 2, 2014, through January 8, 
2014, at 170 wells in the deep part of the Equus Beds aquifer.

Data Quality and Limitations

Most of the water-level data used in this report were 
collected for other purposes by the city of Wichita and GMD2 
personnel. The quality of the water-level data for each well 
was evaluated by examining hydrographs summarizing all 

water-level data for each well. Questionable water levels were 
not used. Because the winter 2012, 2013, and 2014 water-level 
altitude maps represent static—not pumping—water-level 
conditions, water levels that were noted as being from pump-
ing wells or near pumping wells were not used. For the winter 
2012, 2013, and 2014 water-level altitude maps, wells whose 
hydrographs indicated that the water levels were affected by 
pumping also were excluded from use. 

The summer 2012 water-level altitude maps represent 
stressed—not static—water-level conditions. Most of the 
monitoring wells used for this report are generally one-eighth 
to one-quarter of a mile or more from the nearest pumping 
well. However, water levels in most of the monitoring wells 
commonly decline more than 10 ft during the irrigation season 
(May through August). As a result, some summer 2012 pump-
ing-affected water levels were used because without them the 
distribution of data points would not have been dense enough 
to construct the summer 2012 water-level altitude maps. 

The rasters used in this report were interpolated from the 
point data derived from the measured water levels and well 
locations. Rasters are areal grids of cells with a value assigned 
to each cell. The algorithms used by the program to generate 
the rasters generalized the point data (Esri, 2012). As a result, 
the value of the raster may not exactly match a measured value 
at the same location. Also, the contours generated from the 
raster may require some modification to match the measured 
point data. To reduce the potential for errors created by the use 
of rasterized data, a raster cell size of 10 meters by 10 meters 
was used.

Water-Level Altitudes
The water-level altitudes used in this report were stored 

as water-level altitudes (in NWIS) or calculated by subtract-
ing the depth to water below land surface from the altitude of 
land surface. Land-surface altitudes at wells are those stored in 
NWIS and WIZARD. Land-surface altitudes referenced to the 
National Geodetic Vertical Datum of 1929 (NGVD 29) were 
converted to the NAVD 88; all water-level altitudes are refer-
enced to the NAVD 88. Predevelopment and 1993 water-level 
altitudes used in this report were measured or interpolated 
values reported in Hansen and others (2013), or were inter-
polated from the rasters used by Hansen and others (2013). 
The water-level altitude was interpolated by intersecting the 
well’s location with the appropriate raster (predevelopment or 
1993) of the water-level altitude map of the appropriate part 
of the Equus Beds aquifer developed by Hansen and others 
(2013) and applying the water-level altitude of the raster at 
that location to the well. Measured and interpolated water-
level altitudes used in this report are included in table 1–1 in 
the appendix.

The winter period was defined as December of the 
preceding year through February of the specified year. For 
example, winter 2012 contained water levels from December 
2011 through February 2012. In the winter periods, prefer-
ence was given to the water levels measured in January. If a 
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January water level was measured when the well was noted as 
affected by pumping (either because the well or a nearby well 
was pumping), the water level was replaced by an unaffected 
water level from either December or February. If pumping 
affected all water-level measurements for winter, the well was 
excluded from the analysis. Wells measured only once during 
winter were not used if the hydrograph or the water-level 
altitude map indicated it was affected by pumping. Because 
of their importance to the monitoring of the ASR project, all 
the IW monitoring wells were used for the analysis even if an 
IW well’s hydrograph indicated that the well might have been 
affected by pumping from nearby wells.

The summer 2012 period was defined as July through 
September 2012. In the summer 2012 period, preference was 
given to water levels measured in August 2012. If an August 
water level was measured when the well was noted as affected 
by pumping, the water level was replaced by a measurement 
from either July or September 2012. This replacement water 
level was used only if it was unaffected by pumping. If all the 
water levels for the period were noted as affected by pumping, 
the well was excluded from the analysis. If a well was only 
measured once during the summer 2012 period, the water level 
was used unless the water-level altitude map indicated it prob-
ably was greatly affected by pumping. All of the IW monitor-
ing wells were used in the analysis. 

Rasters of water-level altitudes were generated from the 
measured water levels and the water-level altitude contours 
created from these rasters. The measured winter 2012, summer 
2012, winter 2013, or winter 2014 water-level altitudes; and 
the well locations were entered into ArcGIS, plotted on the 
water-level altitude map of their assigned part of the Equus 
Beds aquifer, and converted to a raster using ArcGIS Spatial 
Analyst’s “Topo to Raster” command (Esri, 2012b). Rasters 
for the shallow and deep parts of the Equus Beds aquifer were 

then contoured using the ArcGIS Spatial Analyst’s “Contour” 
command (Esri, 2012a), and plotted with the well data using 
a 5 ft contour interval. Where needed, the machine-generated 
water-level altitude contours were modified to match the well 
data. Further constraints on the water-level altitude contours 
were that (1) all water-level altitude contours would remain 
below land surface except at known surface-water bodies; 
(2) the 2012, 2013, and 2014 water-level altitude contours 
for the deep part of the Equus Beds aquifer would remain 
below contours of the shallow part of the Equus Beds aquifer 
except at gaining streams or where the measured water levels 
from well clusters indicated otherwise; and (3) the 1993 static 
water-level altitude contours for the shallow and deep parts of 
the Equus Beds aquifer (Hansen and others, 2013) were used 
to guide the placement of the 2012, 2013, and 2014 contours. 
A new raster was generated from the measured points and 
revised contours. These rasters were used to estimate the 
water-level and storage-volume changes in study area.

Surface-water altitudes from six streamgages and two 
low-head dams (fig. 1; table 1) were used as additional data 
points to manually adjust contours in the shallow part of the 
Equus Beds aquifer. Mean daily surface-water altitudes at the 
midpoint of the period when most of the groundwater levels 
were measured for each time period were used. The surface-
water altitudes were obtained from NWIS (U.S. Geologi-
cal Survey, 2014a) for the streamgages; the altitudes of the 
tops of the low-head dams (Trudy Bennett, U.S. Geological 
Survey, written commun., 2009) were used as the surface-
water altitude at the low-head dams. The surface-water 
altitudes of the two low-head dams were not used for the 
summer 2012 because flow in the Little Arkansas River was 
0.02 and 0.00 ft3/s at streamgages 07143665 and 07143673 
(U.S. Geological Survey, 2013), which are upstream from the 
low-head dams.

Table 1.  Streamgages and low-head dams in and near the study area, south-central Kansas.

[USGS, U.S. Geological Survey; NAVD 88, North American Vertical Datum of 1988; --, not applicable; e, estimated]

USGS site 
identification 

number
Site name

Water-level altitude (feet above NAVD 88)

Winter 2012 Summer 2012 Winter 2013 Winter 2014

07143330 Arkansas River near Hutchinson, Kansas 1,457.13 1,456.78 1,456.83 1,466.42
07143375 Arkansas River near Maize, Kansas 1,322.88 1,322.11 1,322.54 1,321.91e
07143665 Little Arkansas River at Alta Mills, Kansas 1,391.55 1,391.11 1,391.80 1,392.01
07143672 Little Arkansas River at Highway 50 near Halstead, Kansas 1,376.31 1375.03 1375.65 1,376.60
07144100 Little Arkansas River near Sedgwick, Kansas 1,342.64 1,342.01 1,342.05 1,343.43
07144200 Little Arkansas River at Valley Center, Kansas 1,326.73 1,326.24 1,326.71 1,326.93

-- Low-head dam on the Little Arkansas River at Harvey 
County West Park, Kansas

1,375.78 -- 1,375.78 1,375.78

-- Low-head dam on the Little Arkansas River at Halstead, 
Kansas

1,390.38 -- 1,390.38 1,390.38
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Water-Level Change
The water-level change maps in this report were 

developed using the method described by Hansen and oth-
ers (2013). The method involved subtraction of water-level 
altitude rasters developed from measured water-level altitudes 
for separate time periods. The water-level change was deter-
mined by subtracting the water-level altitude at the beginning 
of a time period from the water-level altitude at the end of the 
time period. The use of rasterized water-level altitude maps to 
generate water-level change maps allowed for a water-level 
change map that was more consistent with the water-level alti-
tude maps and potentially more accurate than one based only 
on the smaller number of wells with measured water-level 
altitudes at both the beginning and end of the time period. 
Results of the raster subtractions were converted to contour 
maps, and the contours revised where necessary to honor the 
actual measured data and to make hydrologic sense.

The average water-level change from one period to 
another (for example, from predevelopment to winter 2012) 
was computed three ways. First, it was computed at wells 
with measured water levels in both periods; second, it was 
computed by including wells with measured water levels for 
the end of the period and interpolated water levels for the 
beginning of the period; and third, it was computed using the 
average water-level altitude change of the resulting raster 
subtraction. 

When possible, static water levels from the shallow and 
deep parts of the Equus Beds aquifer were used in this study 
for determining water-level changes. Static water levels from 
the shallow part of the Equus Beds aquifer also were used 
for determining storage-volume changes in the Equus Beds 
aquifer. The stressed condition of the Equus Beds aquifer in 
summer 2012 precluded use of only static water levels for 
determining water-level and storage-volume changes.

Specific Yield
Specific yield is defined by Lohman (1972) as “the ratio 

of (1) the volume of water which the rock or soil, after being 
saturated, will yield by gravity to (2) the volume of rock or 
soil.” A specific yield of 0.15 was used in this study as well 
as a previous study (Hansen and others, 2013) because it was 
within the range of most estimates and matched the specific 
yield used by a recent groundwater flow model of the Equus 
Beds aquifer (Kelly and others, 2013). The specific yield of 
0.15 from the groundwater flow model was a product of the 
model calibration; that is, it was determined to produce simu-
lated water levels that better matched observed water levels 
than did other values of specific yield. Specific yield can be 
used with the volume of water-level change to estimate the 
amount of increase or decrease in water available from storage 
in the Equus Beds aquifer.

Total Aquifer Storage Volume

The total aquifer storage volume was estimated using 
the groundwater flow model of Kelly and others (2013). The 
model multiplied the predevelopment thickness of the Equus 
Beds aquifer by the area of each cell, summed the volume 
of all the cells within a specified area, and then multiplied 
the result by the specific yield of 0.15. Total aquifer storage 
volume for the Equus Beds aquifer in the study area, BSA, and 
CENWWF, based on the groundwater flow model results, was 
reported as about 3,192,000, 2,400,000, and 1,025,000 acre-ft 
by Hansen and others (2013).

Aquifer Storage-Volume Change

Aquifer storage-volume change for the purposes of this 
report is defined as the change in aquifer thickness multiplied 
by the area of the aquifer containing the change and by the 
specific yield of the aquifer. The change in aquifer storage 
volume is estimated in this manner instead of computing the 
difference between two total aquifer storage volumes because 
of the large uncertainty in the total aquifer storage volume and 
the amount of storage-volume change to date (2014) is small 
compared to the total aquifer storage volume. For example, the 
202,000 acre-ft of storage-volume loss from predevelopment 
to 1993 (Hansen and others, 2013) is thought to represent 
the largest recorded storage-volume change to date because 
record to near-record low water levels were measured in 1993. 
However, this storage-volume change only represents about 
6 percent of the about 3,192,000 acre-ft of total storage vol-
ume of the Equus Beds aquifer in the study area (Hansen and 
others, 2013). 

In this report, the first step in the storage-volume-change 
calculation was creating a water-level change raster by sub-
tracting the raster of the water-level altitudes at the beginning 
of the change period from the raster of the water-level alti-
tudes at the end of the period. The resulting water-level change 
raster was converted to contours, plotted with the measured 
water-level changes at the wells, and the contours modified 
where needed to conform to the measured water-level changes 
and to make hydrologic sense. The revised contours and the 
measured water-level changes were used to create a new 
water-level-change raster. The area of each cell in the revised 
raster was multiplied by the water-level change for that cell; 
the resulting value for each cell multiplied by a specific yield 
of 0.15 estimated the storage-volume change in each raster 
cell. Storage-volume changes were summed for all the cells 
within a particular area to estimate the storage-volume change 
for that area. To avoid implying unsupported precision in the 
estimates of storage-volume change, the values were reported 
only to three significant figures.
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Precipitation

Precipitation for the study area was estimated as the 
arithmetic average of precipitation data from as many as nine 
weather stations in or near the study area. These weather 
stations are in or near Bentley (140750), Halstead (143366), 
Hutchinson (143926 and 143930), Mount Hope (145539), 
Newton (145744), Sedgwick (147313), and Wichita (148828 
and 148830; table 2; cooperative station identifiers in paren-
theses). Only the station near Sedgwick was not active during 
2011 through 2013 (table 2). Precipitation data for these 
stations are available from the National Oceanic and Atmo-
spheric Administration (2014a). The 5-year moving average 
of precipitation (fig. 2A) was calculated as the average of the 
annual average precipitation for the study area for successive 
5-year periods with each successive period advanced by one 
year. The results were plotted at the end of each 5-year period. 
For example, results for the period of 2009 through 2013 were 
plotted at the end of 2013.

Water-Use

Water-use data were compiled by the KDA DWR from 
annual water-use reports submitted by persons and enti-
ties permitted to divert water in Kansas. Those who divert 
water for uses other than domestic, or who divert more than 
15 acre-ft of water per year, are required to have a permit 
and to submit an annual water-use report. The information 
available from KDA DWR includes the location of the point 
of diversion, the amount of water diverted (in acre-ft) for the 
year, and the type of use. The water-use data for 1989 through 

2012 were available through the Water Information Manage-
ment and Analysis System (WIMAS) online program of the 
KDA DWR at http://hercules.kgs.ku.edu/geohydro/wimas/
index.cfm.

Water-Level Altitude Maps
A water-level-altitude surface of an aquifer or of part 

of an aquifer indicates the height of the water surface above 
a datum (for example, NAVD 88), and the direction of flow 
within the aquifer or part of an aquifer. Where an aquifer is 
unconfined, the water-level altitude surface is the same as the 
water table. In general, water moves horizontally and verti-
cally from areas of higher water-level altitudes towards lower 
water-level altitudes. Water moves perpendicular to the water-
level altitude contours in the horizontal direction assuming the 
aquifer is homogeneous and isotropic. Where the water-level 
altitudes in the shallow part of an aquifer are above those 
in the deep part, water tends to move downward. Where the 
water-level altitudes are higher in the deep part of the aquifer 
than the shallow part, the water tends to move upward. Where 
a part of an aquifer is confined or semiconfined, the water-
level altitude in the deep part may differ substantially from 
and be higher than the water table in the shallow part of the 
aquifer. 

As in the previously published water-level altitude maps 
for predevelopment and 1993 (Hansen and others, 2013), 
efforts were made to include only static water levels and wells 
from a single vertical (shallow or deep) part of the Equus Beds 
aquifer. 

Table 2.  Precipitation stations in and near the study area, south-central Kansas.

[WB, Weather Bureau; W, west; SW, southwest; E, east; --, not applicable]

Precipitation station name Period of data used County
Cooperative station 

identifier
Weather Bureau-Army-Navy (WBAN) 

station identifer

Wichita WB Airport 1948 to 1954 Sedgwick 148828 13998
Wichita Municipal Airport and 

 Wichita Mid-Continent Airport
1954 to 2014 Sedgwick 148830 03928

Sedgwick and Sedgwick 1 W 1938 to 2003 Harvey 147313 --
Halstead 3 SW 2003 to 2013 Harvey 143366 --
Bentley 2 E 2013 to 2014 Sedgwick 140750 --

Newton 3 E and Newton 2 SW 1938 to August 2014 Harvey 145744 --

Mount Hope 1938 to 2014 Sedgwick 145539 --

Hutchinson Municipal Airport 1948 to 1959 Reno 143926 13986
Hutchinson 10 SW 1959 to 2014 Reno 143930 --

http://hercules.kgs.ku.edu/geohydro/wimas/index.cfm
http://hercules.kgs.ku.edu/geohydro/wimas/index.cfm
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Winter 2012

Water-level altitude maps of the shallow and deep parts 
of the Equus Beds aquifer in winter 2012 (figs. 4 and 5) indi-
cated that flow in both parts of the Equus Beds aquifer con-
tinued to be generally from west to east as reported in the past 
(Hansen and others, 2013). In the shallow part of the aquifer, 
water-level altitudes ranged from a high of about 1,470 ft in 
the northwest part of the study area to a low of about 1,330 ft 
in the southeast part of the study area (fig. 4). Generally, the 
depth to water below land surface in the shallow part of the 
Equus Beds aquifer was about 5 to 20 ft in the northwest 
part of the study area; about 10 to 15 ft near Burrton, Kans.; 
about 10 to 40 ft in the CENWWF; and about 15 to 20 ft in 
the southeast part of the study area (U.S. Geological Survey, 
2014). The area of closed contours in the northwest part of the 
study area in the shallow part of the Equus Beds aquifer indi-
cates an area of recharge (fig. 4). In the deep part of the Equus 
Beds aquifer, water-level altitudes ranged from a high of about 
1,440 ft on the west edge of the study area to a low of about 
1,330 ft in the southwest corner of the study area (fig. 5). The 
large differences (as much as 50 ft) of the water-level alti-
tudes between the shallow and deep parts of the Equus Beds 
aquifer in the northwest part of the study area are indicative 
of the semiconfined to confined conditions in the deep part of 
the Equus Beds aquifer in this area. Because the previously 
published January 2011 water-level altitude maps of the shal-
low and deep part of the Equus Beds aquifer (Hansen, 2011) 
included stressed water-level altitudes, they were not consid-
ered appropriate for comparison with the static winter 2012 
water-level altitude maps.

Winter 2013

Groundwater in the shallow and deep parts of the Equus 
Beds aquifer continued to flow predominately from west to 
east in most of the study area in winter 2013 (figs. 6 and 7). 
Water-level altitudes in the shallow part of the Equus Beds 
aquifer in winter 2013 ranged from about 1,465 ft in the north-
west part of the study area to about 1,330 ft in the southeast 
part of the study area (fig. 6). Generally, the depth to water 
below land surface in the shallow part of the Equus Beds 
aquifer was about 5 to 25 ft in the northwest part of the study 
area; about 10 to 20 ft near Burrton, Kans.; about 10 to 45 ft 
in the CENWWF; and about 15 to 20 ft in the southeast part 
of the study area (U.S. Geological Survey, 2014). Water-level 
altitudes in winter 2013 in the deep part of the Equus Beds 
aquifer ranged from about 1,440 ft on the west edge of the 
study area to about 1,330 ft in the southeast part of the study 
area (fig. 7). No large changes in contour patterns were seen 
from winter 2012 to winter 2013 in the shallow or deep parts 
of the Equus Beds aquifer (compare figs. 4 and 5 to figs. 6 and 
7). Comparison of the location of the contours, particularly 
along the Little Arkansas River and in the northwest part of 
the study area, indicate water levels in the shallow part of the 

Equus Beds aquifer were lower in winter 2013 than in winter 
2012 probably from the effects of drought conditions in 2011 
and 2012. Groundwater use in the study area decreased from 
about 68,900 acre-ft in 2011 to about 63,300 acre-ft in 2012 
(Kansas Department of Agriculture and Kansas Geological 
Survey, 2014).

Winter 2014

Water-level-altitude contours in figures 8 and 9 show that 
groundwater flow in the shallow and deep parts of the Equus 
Beds aquifer in winter 2014 continued to be generally from 
west to east with an area of recharge in the shallow part of the 
Equus Beds aquifer in the northwest part of the study area. 
Water-level altitudes in the shallow part of the Equus Beds 
aquifer ranged from a high of about 1,470 ft in the northwest 
part of the study area to a low of about 1,330 ft in the south-
east part of the study area in winter 2014 (fig. 8). Generally, 
the depth to water below land surface in the shallow part of the 
Equus Beds aquifer was less than about 5 to 25 ft in the north-
west part of the study area; about 10 to 15 ft near Burrton, 
Kans.; about 10 to 40 ft in the CENWWF; and about 10 to 
15 ft in the southeast part of the study area (U.S. Geological 
Survey, 2014). In the deep part of the Equus Beds aquifer, 
water-level altitudes ranged from a high of about 1,440 ft on 
the west edge of the study area to a low of about 1,330 ft in the 
southeast part of the study area (fig. 9). The increase in water-
level altitude in the shallow part of the Equus Beds aquifer in 
the northwest part of the study area and along the Little Arkan-
sas River indicate a partial recovery of water levels mostly 
because of increased precipitation in 2013 (fig. 2A).

Summer 2012

A statistical examination of water levels in the winter 
2012, summer 2012, winter 2013, and summer 2013 periods 
indicate that the largest number of low water levels in the 
monitoring wells in the study area occurred during the summer 
2012 period. The water-level-altitude maps of the shallow 
and deep parts of the Equus Beds aquifer in summer 2012 
(figs. 10 and 11) illustrate these low water-level conditions. 
The water-level altitudes in summer 2012 represent stressed, 
not static, conditions because hydrographs for most of the 
wells indicated lowered water levels associated with pump-
ing of groundwater from wells in the surrounding area. Most 
wells used for the summer 2012 maps are monitoring wells 
located some distance from pumping wells, and efforts were 
made to remove from the analysis the wells most affected by 
pumping. Consequently, these water-level altitudes still reflect 
the general condition in the Equus Beds aquifer at the time of 
measurement. 

Water-level altitudes in the shallow part of the Equus 
Beds aquifer in summer 2012 ranged from a high of about 
1,465 ft in the northwest part of the study area to a low of 
about 1,330 ft in the southeast part of the study area (fig. 10). 
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Figure 4.  Static water-level altitudes in the shallow part of the Equus Beds aquifer, winter 2012.
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Figure 5.  Static water-level altitudes in the deep part of the Equus Beds aquifer, winter 2012.
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Figure 6.  Static water-level altitudes in the shallow part of the Equus Beds aquifer, winter 2013.
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Figure 7.  Static water-level altitudes in the deep part of the Equus Beds aquifer, winter 2013.
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Figure 8.  Static water-level altitudes in the shallow part of the Equus Beds aquifer, winter 2014.
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Figure 9.  Static water-level altitudes in the deep part of the Equus Beds aquifer, winter 2014.
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Generally, the depth to water below land surface in the shal-
low part of the Equus Beds aquifer was less than about 5 to 
20 ft in the northwest part of the study area; about 10 to 15 ft 
near Burrton, Kans.; about 10 to 55 ft in the CENWWF; and 
about 10 to 15 ft in the southeast part of the study area (U.S. 
Geological Survey, 2014). In the deep part of the Equus Beds 
aquifer in summer 2012, water-level altitudes ranged from a 
high of about 1,440 ft on the west edge of the study area to a 
low of about 1,330 ft in the southeast part of the study area 
(fig. 11). Examination of figures 10 and 11 show the same 
general pattern of groundwater flow in summer 2012 as in 
winter 2012, 2013, and 2014; flow was from west to east in 
the shallow and deep parts of the Equus Beds aquifer with a 
large area of recharge in the northwest part of the study area in 
the shallow part of the Equus Beds aquifer. 

The most obvious difference in the water-level altitudes 
in summer 2012 compared with winter 2012, 2013, and 2014 
is the area west and northwest of Halstead, Kans., where 
low water levels in summer 2012 extend to the northwest 
from near wells IW11A and IW11C to near IW3A and IW3C 
(figs. 10 and 11). In this area, the direction of flow was from 
east to west in summer 2012 as water that formerly dis-
charged to the Little Arkansas River was pumped out of the 
Equus Beds aquifer by wells in the area west and northwest 
of Halstead, Kans. (figs. 10 and 11). By winter 2013 the flow 
direction returned to an east to west direction in the area from 
IW11A and IW11C to IW3A and IW3C (compare figs. 10 and 
11 to 6 and 7). Much of the rise in water levels in the study 
area from summer 2012 to winter 2013 probably was because 
of the decrease in irrigation pumpage associated with the end 
of the growing season. Recharge from precipitation probably 
was a smaller factor than normal in the rise in water levels in 

the study area from summer 2012 to winter 2013. Average pre-
cipitation in the study area during September through Decem-
ber 2012 was only 4.25 in. or about 51 percent of the study 
area’s long-term (1938 through 2013) average precipitation for 
September through December of 8.26 in. (National Oceanic 
and Atmospheric Administration, 2014a). Therefore, it is 
possible that a substantial part of the rise in water levels from 
summer 2012 to winter 2013 may be because of the westward 
inflow of groundwater from outside the study area.

Water-Level and Storage-Volume 
Changes in the Equus Beds Aquifer

By comparing water-level altitude changes between 
two time periods, the vertical and horizontal areas affected 
by water-level changes can be determined. The changes also 
can be used to estimate the storage-volume of the aquifer 
within which water-level changes have occurred. The average 
water-level changes in the three study areas since predevelop-
ment in winter 2012, summer 2012, winter 2013, and winter 
2014 for the shallow part of the Equus Beds aquifer; and 
since 1993 for winter 2012, summer 2012, winter 2013, and 
winter 2014 for the shallow and deep parts of the Equus Beds 
aquifer are shown in table 3. These changes were determined 
using three methods (previously described in the Water-Level 
Change subsection of the Methods section). Average water-
level changes since predevelopment were not determined for 
the deep part of the Equus Beds aquifer because of the low 
data density (Hansen and others, 2013). The largest average 
water-level changes since predevelopment for winter 2012, 
summer 2012, winter 2012, and winter 2014 occurred in 
summer 2012 in the shallow part of the Equus Beds aquifer 
in the entire study area and the BSA for all three methods 
(table 3). However, summer 2012 is not the obvious low since 
predevelopment for the 2012 to 2014 period in the CENWWF. 
Smaller average water-level changes since 1993 indicate water 
levels were closer to the record to near-record lows of 1993. 
The smallest average water level changes since 1993 in winter 
2012, summer 2012, winter 2013, and winter 2014 generally 
occurred in summer 2012 in the shallow and deep parts of the 
Equus Beds aquifer in the study area and in the BSA, but only 
in the deep part of the Equus Beds aquifer in the CENWWF 
(table 3 and fig. 12). The average increase in water levels since 
1993 in winter 2012, summer 2012, winter 2013, and winter 
2014 ranged from about 6 to 12 ft in the CENWWF compared 
to only about 3 to 8 ft in the study area (table 3). The larger 
average water-level increases since 1993 in the CENWWF 
compared with those in the study area and BSA indicate that 
the CENWWF had more post-1993 water-level recovery than 
did the rest of the study area (fig. 12). 

No flow in the Little Arkansas River at Highway 50 near Halstead, Kansas, 
July 27, 2012. Photograph by Barbara J. Dague, U.S. Geological Survey.
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Figure 10.  Water-level altitudes in the shallow part of the Equus Beds aquifer, summer 2012.
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Figure 11.  Water-level altitudes in the deep part of the Equus Beds aquifer, summer 2012.
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Table 3.  Average water-level changes, storage-volume changes, and total aquifer storage volume in the Equus Beds aquifer near Wichita, south-central Kansas, 
predevelopment to winter 2014.

[Predevelopment is defined as before substantial pumpage began in the area. --, not applicable; <, less than]
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Predevelopment -- -- -- -- -- -- 13,192,000 -- -- -- -- --
1993 1-21.07 1-15.16 1-11.19 -- -- -- -- 1-202,000 -- -- -- --
Winter 2012 -9.16 -9.34 -7.31 5.43 5.12 3.88 -- -132,000 70,000 70,100 < 1 35
Summer 2012 -11.77 -11.61 -10.07 3.11 4.43 1.11 -- -182,000 20,000 20,100 < 1 10
Winter 2013 -10.70 10.54 -8.92 3.04 4.79 2.26 -- -161,000 41,000 41,000 0 20
Winter 2014 -9.71 -9.52 -6.82 7.80 7.77 4.37 -- -124,000 78,000 78,900 1 39

Basin storage area
Predevelopment -- -- -- -- -- -- 12,400,000 -- -- -- -- --
1993 1-25.87 1-17.33 1-13.97 -- -- -- -- 1-188,000 -- -- -- --
Winter 2012 -10.20 -10.24 -8.41 6.20 8.37 5.58 -- -113,000 75,000 75,200 < 1 40
Summer 2012 -12.66 -12.46 -11.60 3.50 5.00 2.39 -- -156,000 32,000 32,200 < 1 17
Winter 2013 -11.72 -11.48 -9.98 3.74 5.69 4.01 -- -134,000 54,000 54,000 0 29
Winter 2014 -10.68 -10.35 -8.10 8.62 8.58 5.89 -- -109,000 79,000 79,400 < 1 42

Central part of the study area
Predevelopment -- -- -- -- -- -- 11,025,000 -- -- -- -- --
1993 1-31.01 1-24.56 1-22.99 -- -- -- -- 1-120,000 -- -- -- --
Winter 2012 -12.72 -9.53 -11.14 10.74 6.64 11.84 -- -58,300 61,700 62,000 < 1 51
Summer 2012 -13.85 -13.73 -14.07 9.00 10.30 8.91 -- -73,700 46,300 46,700 < 1 39
Winter 2013 -14.72 -13.57 -13.13 7.95 10.18 9.85 -- -68,700 51,300 51,600 < 1 43
Winter 2014 -12.80 -12.70 -12.04 12.18 12.09 10.94 -- -63,100 56,900 57,300 < 1 47
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Deep part of the Equus Beds aquifer

Study area
Winter 2012 -- -- -- 6.67 8.98 5.29 -- -- -- -- -- --
Summer 2012 -- -- -- 0.99 2.53 0.14 -- -- -- -- -- --
Winter 2013 -- -- -- 7.52 9.07 3.54 -- -- -- -- -- --
Winter 2014 -- -- -- 10.35 10.35 6.56 -- -- -- -- -- --

Basin storage area
Winter 2012 -- -- -- 8.10 10.36 7.60 -- -- -- -- -- --
Summer 2012 -- -- -- 1.71 3.45 1.92 -- -- -- -- -- --
Winter 2013 -- -- -- 9.17 10.55 5.66 -- -- -- -- -- --
Winter 2014 -- -- -- 11.34 11.34 8.47 -- -- -- -- -- --

Central part of the study area
Winter 2012 -- -- -- 13.80 15.06 13.51 -- -- -- -- -- --
Summer 2012 -- -- -- 10.62 10.66 8.48 -- -- -- -- -- --
Winter 2013 -- -- -- 16.28 15.68 11.11 -- -- -- -- -- --
Winter 2014 -- -- -- 15.00 14.86 13.12 -- -- -- -- -- --

1Average water-level, storage-volume change, or total aquifer volume previously reported in Hansen and others (2013).

Table 3.  Average water-level changes, storage-volume changes, and total aquifer storage volume in the Equus Beds aquifer near Wichita, south-central Kansas, 
predevelopment to winter 2014.—Continued

[Predevelopment is defined as before substantial pumpage began in the area. --, not applicable; <, less than]
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Figure 12.  Average measured water-level changes in the Equus Beds aquifer in the shallow part of the aquifer since predevelopment and in the shallow and deep parts of the 
aquifer since 1993.
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As noted by Kelly and others (2013), most of the water-
level and storage-volume changes occurred in the shallow 
part of the Equus Beds aquifer. This is because most of the 
water that comes out of storage is from the unconfined part of 
the aquifer, which is typically the shallow part of the aqui-
fer. Where an aquifer is semiconfined to confined, water that 
comes out of storage is from the expansion of water and the 
compression of the aquifer, and not from dewatering of the 
aquifer (Heath, 1983). If the shallow and deep parts of the 
aquifer layers are unconfined, water levels in both parts will 
be similar, and use of specific yield to estimate the storage-
volume change is appropriate. However, if the shallow part 
of the aquifer is unconfined and the deep part is semiconfined 
to confined, use of specific yield is appropriate for estimating 
the storage-volume change only for the shallow part; a storage 
coefficient must be used for the deep part. Kelly and others 
(2013) used a specific yield of 0.15 where the Equus Beds 
aquifer was unconfined and a storage coefficient of 0.0005 
where it was semiconfined to confined. Use of specific yield 
and water-level changes in the deep part of the Equus Beds 
aquifer where it is semiconfined to confined will overestimate 
the amount of storage-volume change by a factor of about 300. 
Therefore, although water-level changes in the deep part of the 
Equus Beds aquifer may be larger than those in the shallow 
part of the Equus Beds aquifer in semiconfined to confined 
areas, the contribution of the deep part of the Equus Beds 
aquifer to the total storage-volume change will be small. Kelly 
and others (2013) state:

Use of groundwater level changes that do not 
include storage changes that occur in confined or 
semi-confined part of the aquifer will slightly under-
estimate storage changes; however, use of specific 
yield and groundwater level changes to estimate 
storage change in confined or semi-confined parts 
of the aquifer will overestimate storage changes. 
Using only changes in shallow groundwater levels 
will provide more accurate storage changes for the 
measured groundwater levels method. 
Thus, the use of water-level changes in the shallow part 

of the Equus Beds aquifer is more appropriate for determining 
storage-volume changes than the use of water-level changes in 
the deep part of the Equus Beds aquifer, which includes semi-
confined to confined conditions in part of the area. 

Comparison of the average water-level changes in the 
study area in the shallow part of the Equus Beds aquifer with 
those in the deep part aquifer for summer 2012 and winter 
2014 (fig. 12) demonstrates how the water-level changes are 
greater in the deep part of the Equus Beds aquifer than in the 
shallow part, which, if used, could lead to the overestimation 
of storage-volume changes. Average water-level changes in 
the study area in the deep part of the Equus Beds aquifer from 
1993 to summer 2012 ranged from 0.97 to 2.12 ft less than in 
the shallow part of the aquifer (table 3). In contrast, from 1993 
to winter 2014, average water-level changes in the study area 
in the deep part of the Equus Beds aquifer were 2.19 to 2.58 ft 

greater than in the shallow part of the Equus Beds aquifer 
(table 3). Storage-volume changes since predevelopment in the 
shallow part of the Equus Beds aquifer in the study area, BSA, 
and CENWWF exhibited larger declines in summer 2012 
than in winter 2012, 2013, or 2014 (fig. 13). However, these 
declines since 1993 were substantially less than the declines 
from predevelopment to 1993 (table 3 and fig. 13).

The storage-volume changes since 1993 shown in table 3 
were computed by two methods. In the first method, the “since 
predevelopment” value for the beginning of the period was 
subtracted from the “since predevelopment” value for the end 
of the period, which is the method used in previous reports by 
Aucott and Myers (1998), Aucott and others (1998), Hansen 
(2007, 2009a, 2009b, 2011a, 2011b, 2012), and Hansen and 
Aucott (2001, 2004, 2010). The second method of storage-
volume changes since 1993 were computed by using the 
water-level-change rasters. The differences between the two 
methods are within 1 percent of each other (table 3). The 
continued use of subtraction of the storage-volume changes 
since predevelopment instead of subtraction of the water-
level-change rasters would seem to be an acceptable and 
efficient method for computing storage-volume changes for 
periods other than since predevelopment without introducing 
large errors.

Predevelopment to Winter 2014

Water levels mostly declined from predevelopment to 
winter 2014 in the study area (fig. 14). Declines of 10 ft or 
more were common in and adjacent to the CENWWF and in 
the northwest part of the study area. Areas with rises of less 
than 10 ft were seen along the Little Arkansas River and in 
the west part of the study area (fig. 14). Declines of 20 ft or 
more mostly occurred in areas where the city does not have 
production wells. This is a change from previous patterns of 
water-level change where the largest declines occurred within 
the CENWWF where Wichita has production wells (Hansen 
and Aucott, 2010). Annual city pumpage from the study area, 
almost all of which was from the CENWWF, remained less 
than 22,000 acre-ft for 2010 through 2013, whereas annual 
irrigation pumpage from the study area increased by more 
than 25 percent from about 32,100 acre-ft in 2010 to about 
45,500 and 40,800 acre-ft in 2011 and 2012 (fig. 2B). Most 
of the increase in irrigation pumpage occurred outside the 
CENWWF; irrigation pumpage in the CENWWF accounted 
for only about 28 percent of the irrigation pumpage in the 
study area in 2010 through 2012. Irrigation pumpage in the 
CENWWF increased from about 9,000 acre-ft in 2010 to 
about 12,400 and 11,700 acre-ft in 2011 and 2012, respec-
tively. Conversely, the increase in irrigation pumpage in the 
rest of the study area was much larger, increasing from about 
23,100 acre-ft in 2010 to about 33,100 and 29,100 acre-ft in 
2011 and 2012 (fig. 15). This indicates that increased irrigation 
pumpage is the likely cause of the larger declines that occurred 
outside the CENWWF.



26  


Status of Groundw
ater Levels and Storage Volum

e in the Equus Beds Aquifer near W
ichita, Kansas, 2012 to 2014

Figure 13.  Storage-volume changes since predevelopment and since 1993 in the study area, the basin storage area, and the central part of the study area.
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Figure 14.  Static water-level changes in the shallow part of the Equus Beds aquifer, predevelopment to winter 2014.
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Figure 15.  Annual groundwater use in the central part of the study area and in the rest of the study area and average annual precipitation in the study area, 1988 through 2012. 
[Water-use data are from Kansas Department of Agriculture and Kansas Geological Survey (2014); precipitation data are from National Oceanic and Atmospheric Administration 
(2014a).]
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The storage-volume in the Equus Beds aquifer in the 
study area from predevelopment to winter 2014 decreased 
by about 124,000 acre-ft or about a 4-percent loss of the 
estimated Equus Beds total aquifer storage volume of 
3,192,000 acre-ft (table 3). The remaining 96-percent Equus 
Beds total aquifer storage volume in the study area was 
about 3,067,000 acre-ft. The storage-volume decrease in the 
CENWWF from predevelopment to winter 2014 accounted 
for about one-half (about 63,100 acre-ft) of the decrease in 
storage volume in the Equus Beds aquifer in the study area 
(table 3). This about 63,100 acre-ft storage-volume decrease 
in the CENWWF from predevelopment to winter 2014 was 
about a 6-percent loss from the 1,025,000 acre-ft estimated 
Equus Beds total aquifer storage in the CENWWF, or about 
a 2-percent loss of the estimated Equus Beds total aquifer 
volume in the study area (table 3). The remaining 94-percent 
Equus Beds total aquifer storage volume in the CENWWF 
was estimated to be about 962,000 acre-ft.

Predevelopment to Summer 2012

Water levels declined for almost the entire study area 
from predevelopment to summer 2012 (fig. 16). The summer 
2012 water-levels are considered stressed. However, because 
they are based on water levels from monitoring wells, and not 
pumping wells, they reflect the general stressed condition of 
the Equus Beds aquifer at the time of measurement. A large 
area of declines of 10 ft or more covered most of the CEN-
WWF and extended beyond it almost to the Little Arkansas 
River from Sedgwick to the north edge of the BSA (fig. 16). 
The largest declines (40 ft or more) occurred in two areas of 
that are north of U.S. Highway 50 and completely outside the 
CENWWF (fig. 16). The three areas of declines of 30 ft or 
more were mostly outside the CENWWF north of U.S. High-
way 50 and west of Halstead, Kans. Because Wichita produc-
tion wells are inside the CENWWF, these declines probably 
were related to the increased irrigation pumpage in the study 
area. Increased irrigation pumpage in 2012 probably was 
associated with drought conditions (fig. 15). Water-level 
declines in the CENWWF, although substantial, probably 
would have been even larger if Wichita had not continued 
the ILWSP strategy to preserve the Equus Beds aquifer by 
reducing city pumpage from the Equus Beds aquifer (City of 
Wichita, [2007?], 2008; Warren and others, 1995; Desilva and 
Ary, 2011).

Storage-volume decreased in the Equus Beds aquifer in 
the study area from predevelopment to summer 2012 by about 
182,000 acre-ft (table 3). Less than one-half of this decrease 
(about 73,700 acre-ft) occurred in the CENWWF (table 3). 
Storage-volume decreases in the CENWWF probably would 
have been larger if Wichita had not continued to follow the 
ILWSP strategy of reduced city pumpage from the Equus 
Beds aquifer.

1993 to Winter 2014

Water-levels rose in the shallow part of the Equus Beds 
aquifer from 1993 to winter 2014 in most of the study area 
(fig. 17). Water-level rises of 10 ft or more covered most of 
the CENWWF, with an area of 20 ft or more in rises south-
west of Halstead, Kans. (fig. 17). These rises of 10 ft or more 
mostly within the CENWWF probably resulted because of the 
Wichita ILWSP strategy adopted in 1993 to reduce the amount 
of water the city pumps from the Equus Beds aquifer (City of 
Wichita, [2007?], 2008; Warren and others, 1995; Desilva and 
Ary, 2011). 

Annual irrigation pumpage in the study area increased 
from about 23,400 acre-ft in 1993 to more than about 
40,800 acre-ft in 2011 and 2012 (fig. 2B). Irrigation pumpage 
increased in 2011 and 2012 in part because regulations were 
changed allowing irrigators to apply for drought-term and 
multiyear flex account (MYFA) permits. The drought-term 
permits allowed pumpage greater than the annual authorized 
amount in 2011 with an equivalent reduction in pumpage 
in 2012 (Kansas Department of Agriculture, Division of 
Water Resources, 2011). The MYFA permits are temporary 
permits to pump more water than the annual authorized 
quantity in any year, but restrict total pumpage during the 
5-year period (Kansas Legislative Research Department, 
2012). The 2011 increase in irrigation pumpage in the study 
area attributed to the drought-term permits was estimated to 
be about 3,500 acre-ft. This was estimated by assuming an 
average extra 50 acre-ft of irrigation pumpage for each of the 
70 drought-term permits (Tim Boese, Equus Beds Ground-
water Management District Number 2, written commun., 
2012). This is equivalent to about 8 percent of the about 
45,500 acre-ft of irrigation pumpage in the study area in 2011. 
Assuming an extra 50 acre-ft of irrigation pumpage for each 
of the 35 MYFA permits in the study area, the increase in 
irrigation pumpage in 2012 attributed to MYFA permits was 
estimated to be about 1,750 acre-ft. This is equivalent to about 
4 percent of the about 40,800 acre-ft of irrigation pumpage in 
the study area in 2012.

Storage-volume increased in the study area from 1993 
to winter 2014 by about 78,000 acre-ft or a recovery of about 
39 percent of the storage volume previously lost from prede-
velopment to 1993 (table 3). There was a larger percentage 
of increase in storage volume since 1993 for winter 2012, 
summer 2012, winter 2013, and winter 2014 in the CENWWF 
than in either the BSA or the entire study area (table 3). About 
73 percent (about 56,900 acre-ft) of the increase in storage 
volume from 1993 to winter 2014 occurred in the CENWWF 
(table 3). This increase probably resulted because of Wichita’s 
ILWSP strategy to preserve the Equus Beds aquifer by reduc-
ing the amount of city pumpage from it (City of Wichita, 
[2007?], 2008; Warren and others, 1995; Desilva and Ary, 
2011). The city reduced its annual pumpage from the Equus 
Beds aquifer by about 40 percent since 1992 (fig. 2B).  
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Figure 16.  Water-level changes in the shallow part of the Equus Beds aquifer, predevelopment to summer 2012.

Base from U.S. Geological Survey digital data, 1:24,000, 2012
Universal Transverse Mercator projection, zone 14
Horizontal coordinate information is referenced to the North 
American Datum of 1983 (NAD 83)
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Figure 17.  Static water-level changes in the shallow part of the Equus Beds aquifer, 1993 to winter 2014.

Base from U.S. Geological Survey digital data, 1:24,000, 2012
Universal Transverse Mercator projection, zone 14
Horizontal coordinate information is referenced to the North 
American Datum of 1983 (NAD 83)
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Annual city pumpage during 1988 through 2012 decreased 
from a peak of about 40,000 acre-ft in 1992 to about 22,000 
acre-ft in 1997 (fig. 2B). Since 1997, annual city pumpage in 
the CENWWF has remained less than about 24,000 acre-ft 
(figs. 2B and 15). Annual irrigation pumpage in the CENWWF 
and average annual precipitation for the study area during 
1988 through 2012 were variable, but do not indicate obvious 
trends (fig. 15). Annual irrigation pumpage in the CENWWF 
increased by only about 3 percent during 1988 through 2012 
from the pre-1993 peak of about 12,000 acre-ft in 1991 to a 
peak in 2011 of about 12,400 acre-ft (fig. 15). Annual irri-
gation pumpage outside the CENWWF increased by about 
24 percent during 1988 through 2012 from the pre-1993 peak 
of about 26,600 acre-ft in 1991 to a peak in 2011 of about 
33,100 acre-ft (fig. 15). 

1993 to Summer 2012

Static water-level changes in the shallow and deep parts 
of the Equus Beds aquifer from 1993 to summer 2012 indicate 
similar patterns with water-level rises in much of the study 
area and water-level declines of 5 ft or more mostly north of 
U.S. Highway 50 (figs. 18 and 19). These declines, because 
they are almost entirely outside the CENWWF where the 
city production wells are located, probably were because of 
increased irrigation pumpage associated with drought condi-
tions during 2012 (figs. 2A and 2B). Water-level rises of 10 ft 
or more in the shallow and deep parts of the Equus Beds 
aquifer from 1993 to summer 2012 occurred mostly in the 
CENWWF (figs. 18 and 19). These rises likely are because 
of Wichita’s strategy reducing city pumpage from the Equus 
Beds aquifer from about 60 to 40 percent of city usage (City 
of Wichita, [2007?] and 2008; Warren and others, 1995). The 
water-level changes in the deep part of the Equus Beds aquifer 
from 1993 to summer 2012 (fig. 19) indicate more area was 
affected by water-level declines than in the shallow part of the 
Equus Beds aquifer (fig. 18). In addition, there is a larger area 
of water-level rises of 20 ft or more in the shallow part of the 
Equus Beds aquifer from 1993 to summer 2012 than in the 
deep part of the Equus Beds aquifer (figs. 18 and 19). Wich-
ita’s reduction in city pumpage in the CENWWF minimized 
water-level declines and contributed to the water-level rises 
since 1993 of as much as 25 ft in the shallow part of the Equus 
Beds aquifer (fig. 18). This also contributed to average water-
level rises since 1993 remaining about 8 ft to 11 ft above the 
1993 levels in the shallow and deep parts of the Equus Beds 
aquifer (table 3).

The storage-volume increased in the shallow part of 
the Equus Beds aquifer from 1993 to summer 2012 by about 
20,000 acre-ft in the study area (table 3). As noted previously, 
storage volume was not computed separately for the deep part 
of the Equus Beds aquifer because of the complications caused 
by the semiconfined to confined conditions in the Equus Beds 
aquifer. The storage-volume increased in the CENWWF by 
about 46,300 acre-ft indicating that more than one-half of the 

increase in the CENWWF was offset by decreases in the rest 
of the study area. The decreases in storage volume outside the 
CENWWF probably were because of the increase in irrigation 
pumpage outside the CENWWF in 2011 and 2012 (fig. 15). 
This resulted from drought conditions and the availability of 
irrigation drought-term and MYFA permits that allowed irriga-
tors to pump more than their annual authorized amounts in 
those years. The larger increase in storage-volume in the CEN-
WWF than in the rest of the study area probably was because 
of Wichita’s reduction in city pumpage from the Equus Beds 
aquifer that was adopted in 1993 as part of Wichita’s ILWSP 
(City of Wichita, [2007?] and 2008; Warren and others, 1995; 
Desilva and Ary, 2011).

Summary
Development of the Wichita well field in the Equus Beds 

aquifer in southwest Harvey County and northwest Sedg-
wick County began in the 1940s to supply water to the city 
of Wichita. The decline of water levels in the Equus Beds 
aquifer was noted soon after the development of the Wichita 
well field began. Large-scale development of irrigation wells 
began in the 1960s. City and agricultural withdrawals have led 
to substantial water-level declines. Water-level declines likely 
enhanced movement of brines from past oil and gas activities 
near Burrton, Kansas, as well as natural saline water from the 
Arkansas River, into the well field area. Further movement 
into the well field area of these waters with large chloride 
concentrations may limit use or require treatment of water for 
irrigation or public supply. As water levels in the Equus Beds 
aquifer decline, the volume of water stored in the Equus Beds 
aquifer decreases and less water is available to supply future 
needs. In 1993, the city of Wichita adopted the Integrated 
Local Water Supply Program (ILWSP) to ensure an adequate 
water supply for the city through 2050 and as part of its effort 
to effectively manage the part of the Equus Beds aquifer it 
uses. The ILWSP uses several strategies to do this including 
the Equus Beds Aquifer Storage and Recovery (ASR) project. 
The purpose of the ASR project is to store water in the aquifer 
for later recovery, and to help protect the Equus Beds aquifer 
from the encroachment of a known oil-field-brine plume near 
Burrton, Kans., and saline water from the Arkansas River. 
Since 1940, the U.S. Geological Survey, in cooperation with 
the city of Wichita, has monitored changes in the Equus Beds 
aquifer as part of Wichita’s effort to manage this resource 
effectively.

In winter 2012, summer 2012, winter 2013, and winter 
2014, water-level altitudes in the shallow and deep parts of 
the Equus Beds aquifer indicated that flow continued to be 
generally from west to east in the study area with a large area 
of recharge in the northwest in the shallow part of the Equus 
Beds aquifer. In contrast, the water-level altitudes in summer 
2012, when the most wells recorded low water levels for the 
winter 2012 to winter 2014 period, indicated flow was from 
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Figure 18.  Water-level changes in the shallow part of the Equus Beds aquifer, 1993 to summer 2012.

Base from U.S. Geological Survey digital data, 1:24,000, 2012
Universal Transverse Mercator projection, zone 14
Horizontal coordinate information is referenced to the North 
American Datum of 1983 (NAD 83)
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Figure 19.  Water-level changes in the deep part of the Equus Beds aquifer 1993 to summer 2012.
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east to west in the area west and northwest of Halstead, Kans. 
as water that formerly discharged to the Little Arkansas River 
was pumped out of the Equus Beds aquifer by wells. 

Average water-level changes since predevelopment for 
winter 2012, summer 2012, winter 2013, and winter 2014 gen-
erally indicated greater declines in the central part of the study 
area (CENWWF) than in either the basin storage area (BSA) 
or entire study area. However, average water-level rises since 
1993 for winter 2012, summer 2012, winter 2013, and winter 
2014 indicate the CENWWF had more post-1993 water-level 
recovery than did the rest of the study area. City water use in 
the CENWWF peaked in 1992, decreased by about 40 percent 
by 1997, and remained near that level through 2013. Irriga-
tion water use in the CENWWF increased by only about 
3 percent compared to its pre-1993 peak in 1991, whereas 
irrigation water use outside the CENWWF increased by about 
24 percent from its pre-1993 peak in 1991. Part of the increase 
in irrigation pumpage probably was a result of the drought-
term and multiyear flex account permits, which were estimated 
to account for about 8 and 4 percent of irrigation pumpage in 
the study area in 2011 and 2012.

There was a larger percentage storage-volume increase 
since 1993 for winter 2012, summer 2012, winter 2013, and 
winter 2014 in the CENWWF than in either the BSA or the 
entire study area. Storage volume in the CENWWF during 
2012 to 2014 recovered by about 46,300 acre-feet (acre-ft) 
or more compared to the storage volume in 1993. In summer 
2012 and winter 2013, the storage-volume increase since 1993 
was larger in the CENWWF than in the entire study area indi-
cating that storage-volume increases in the CENWWF were 
offset by storage-volume decreases in the rest of the study 
area. The larger storage-volume increase in the CENWWF 
than in the rest of the study area probably was because of 
Wichita’s ILWSP strategy that reduced city pumpage from 
the Equus Beds aquifer by about 40 percent. The current 
(winter 2014) storage-volumes in the entire study area and the 
central part of the study area are about 94 and 96 percent of 
their predevelopment storage volumes, or about 3,067,00 and 
962,000 acre-ft.
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Appendix

Table 1–1.  Measured and interpolated water-level altitudes in the Equus Beds aquifer, 
predevelopment, 1993, winter 2012, summer 2012, winter 2013, and winter 2014.  
Located online at http://pubs.usgs.gov/sir/2014/5185/downloads/sir14-5185_table1-1.xlsx.
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