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mile (mi) 1.609 kilometer (km)

Area

square mile (mi2) 2.590 square kilometer (km2) 
Volume
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milliliter (mL) 0.033814 ounce (oz)
million gallons (Mgal) 3,785 cubic meter (m3)

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 meters per second (m3/s)

Hydraulic gradient

foot per mile (ft/mi)  0.1894 meter per kilometer (m/km)

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

     °F = (1.8×°C)+32.

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

     °C = (°F-32)/1.8.

Datum
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88) or to the National Geodetic Vertical Datum of 1929 (NGVD29) 

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.

Supplemental Information
Water-quality constituents described in this report were measured or estimated in milligrams 
per liter (mg/L), micrograms per liter (µg/L), microsiemens per centimeter at 25 degrees Celsius 
(µS/cm at 25°C), colonies per 100 milliliters (col/100 mL), colony-forming units per 100 milliliters 
(CFU/100 mL), plaques per 100 milliliters (pfu/100 mL), and picocuries per liter (pCi/L).
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Water Quality of the Little Arkansas River and Equus Beds 
Aquifer Before and Concurrent with Large-Scale Artificial 
Recharge, South-Central Kansas, 1995–2012

By Daniel J. Tappa, Jennifer L. Lanning-Rush, Brian J. Klager, Cristi V. Hansen, and Andrew C. Ziegler 

Abstract
The city of Wichita artificially recharged about 1 bil-

lion gallons of water into the Equus Beds aquifer during 
2007–2012 as part of Phase I recharge of the Artificial Storage 
and Recovery project. This report, prepared in cooperation by 
the U.S. Geological Survey and the city of Wichita, Kansas, 
summarizes Little Arkansas River (source-water for artifi-
cial recharge) and Equus Beds aquifer water quality before 
(1995–2006) and during (2007–2012) Artificial Storage and 
Recovery Phase I recharge. Additionally, aquifer water-quality 
distribution maps are presented and water-quality changes 
associated with Phase I recharge timing are described. Water 
quality within the Little Arkansas River was defined using 
measured and regression-computed data from discrete samples 
and two real-time surface water-quality sites. Water quality in 
the Equus Beds aquifer was defined using samples collected at 
38 areal assessment index well sites (each site with one deep 
and one shallow well), 7 diversion well sites, 13 background 
wells, 9 Artificial Storage and Recovery prototype wells, and 
66 Artificial Storage and Recovery Phase I and Phase II moni-
toring wells. Constituents of concern for artificial recharge are 
major ions (sulfate, chloride), nutrients (nitrite plus nitrate), 
trace elements (arsenic, iron, and manganese), triazine herbi-
cides (atrazine), and fecal indicator bacteria. 

Sulfate concentrations in water samples from the Little 
Arkansas River during 1995–2012 rarely exceeded the Federal 
secondary maximum contaminant level of 250 milligrams 
per liter. Sulfate concentrations during 2001–2012 exceeded 
the secondary maximum contaminant level in groundwater 
in 18.7 percent of the samples from areal assessment index 
wells in the shallow (less than or equal to 80 feet below 
land surface) parts of the aquifer and in 12.9 percent of the 
samples from areal assessment index wells in the deep parts 
of the aquifer. Computed chloride concentrations in the Little 
Arkansas River near Halstead during 1999–2012 exceeded the 
Federal secondary maximum contaminant level of 250 mil-
ligrams per liter about 20 percent of the time (primarily during 
low-flow conditions). Chloride concentrations in ground-
water during 2001–2012 exceeded 250 milligrams per liter 

in 5.6 percent of the samples from shallow areal assessment 
index wells and 7.4 percent of the samples from deep areal 
assessment index wells, primarily near Burrton, Kansas, and 
along the Arkansas River. 

Nutrients, such as nitrite plus nitrate, are a water-quality 
concern because of the predominant agricultural land use 
in the 189-square-mile study area. Almost all (more than 
99.6 percent) nitrite plus nitrate concentrations in water sam-
ples collected at the two surface water monitoring sites on the 
Little Arkansas River from 1995 through 2012 were less than 
the Federal maximum contaminant level of 10 milligrams per 
liter for nitrate. Nitrite plus nitrate concentrations in ground-
water samples during 2001–2012 exceeded the maximum 
contaminant level in 15.7 percent of the samples from shallow 
areal assessment index wells. Nitrite plus nitrate concentra-
tions were minimal in the deeper parts of the aquifer. 

Several trace elements frequently exceeded drinking-
water criteria, including arsenic, iron, and manganese. 
Computed arsenic concentrations in the Little Arkansas River 
at Highway 50 near Halstead, Kans., during 1995–2012 
exceeded the Federal drinking-water maximum contaminant 
level of 10 micrograms per liter (µg/L) about 19 percent 
of the time, primarily during low-flow conditions. In shal-
low groundwater during 2001–2012, arsenic concentrations 
exceeded the maximum contaminant level in 11.9 percent of 
the samples from the areal assessment index wells, whereas 
for the deep areal assessment index wells, arsenic concentra-
tions exceeded the maximum contaminant level in 34.6 per-
cent of the samples. Iron and manganese concentrations 
also exceeded Federal drinking-water criteria in surface and 
groundwater. In the Little Arkansas River, dissolved iron 
concentrations exceeded the Federal secondary maximum con-
taminant level of 300 micrograms per liter during 1995–2012 
in about 5 percent of the samples, and manganese concentra-
tions exceeded the Federal secondary maximum contaminant 
level of 50 micrograms per liter in about 50 percent of the 
samples. In the shallow parts of the aquifer during 2001–2012, 
iron concentrations exceeded the Federal secondary maximum 
contaminant level in 37.2 percent of the samples from areal 
assessment index wells, whereas manganese concentrations in 
the shallow areal assessment index wells exceeded the Federal 
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secondary maximum contaminant level in 54.6 percent of 
the samples. In the deep parts of the aquifer, iron concentra-
tions exceeded the secondary maximum contaminant level in 
44.6 percent of the areal assessment index well samples, and 
manganese concentrations exceeded the secondary maximum 
contaminant level in 91.8 percent of the samples. Areas with 
the largest concentrations of iron and manganese corresponded 
to areas with the largest water-level declines that have sub-
sequently recovered and the areas with the more chemically 
reducing conditions. 

Computed concentrations of atrazine in the Little Arkan-
sas River near Sedgwick during 1999–2012 exceeded the Fed-
eral maximum contaminant level of 3.0 micrograms per liter 
about 28.0 percent of the time, mostly during the late spring to 
early fall. Atrazine was detected in about 57.0 percent of the 
samples collected from shallow areal assessment index wells 
and 26.0 percent of the samples collected from the deep areal 
assessment index wells during 2001–2012, which indicates 
infiltration from field applications to the groundwater; how-
ever, all concentrations were less than the Federal maximum 
contaminant level. 

Large densities of coliform bacterial indicators (total 
coliform, fecal coliform, and E. coli) were detected in most 
water samples from the Little Arkansas River. Total coliform 
detections exceeded the Federal maximum contaminant level 
goal for drinking water of 0 colonies in water samples during 
2001–2012 from 24.7 percent of the shallow areal assessment 
index wells and in 12.4 percent of the deep areal assessment 
index wells. Many of these detections were in the first samples 
collected from the wells after they were developed, indicat-
ing that at least some of these detections may be related to 
drilling. Almost all wells sampled for this study had at least 
1 sample with a total coliform detection; however, the median 
densities for most of these wells were less than 1 colony per 
100 milliliters. Viral indicators (Clostridium perfringens and 
E. coli coliphage) were present in samples from the Little 
Arkansas River during storm runoff but were not detected in 
any samples of groundwater. These data indicated that natural 
infiltration of water through the soil removes bacterial and 
viral indicator organisms. 

Constituents and physical properties of interest for each 
of the shallow and deep areal assessment index wells include 
arsenic, chloride, iron, manganese, nitrite plus nitrate, oxida-
tion-reduction potential, specific conductance, and sulfate. As 
a group, all of the constituents of interest except chloride, arse-
nic, and oxidation-reduction potential increased in concentra-
tion or value from the 2001 to 2006 period to the 2007 to 2012 
period in the areal assessment index well network. The median 
values for constituent well averages increased for sulfate, 
chloride, iron, manganese, and specific conductance from the 
first period to the second, while nitrite plus nitrate, arsenic, 
and oxidation-reduction potential decreased.

Recharge activities at Phase I recharge wells have not 
resulted in substantial effects on groundwater quality in the 
area, likely because the total amount of water recharged is 
relatively small (1 billion gallons) compared to aquifer storage 

volume (greater than 990 billion gallons in winter 2012). The 
eastward movement of the Burrton chloride plume is likely 
being slowed by a line of recharge locations associated with 
Phase I; however, the line depicting average chloride concen-
trations in deep groundwater during 2006–2012 still advanced 
to less than one half mile from the central part of the study 
area. Water-quality constituents of concern outlined here have 
not increased substantially, and are likely more affected by 
climatological (natural recharge by precipitation) and natu-
ral (geochemical oxidation/reduction, metabolic and decay 
rates) processes than artificial recharge. Arsenic remains a 
water-quality constituent of concern because of natural and 
continued persistence of concentrations exceeding the Federal 
maximum contaminant level of 10 micrograms per liter, espe-
cially in the deeper parts of the Equus Beds aquifer. 

Introduction
A cooperative study was done by the U.S. Geological 

Survey (USGS) and the city of Wichita, Kansas, to update 
Ziegler and others (2010), a report describing Equus Beds 
aquifer and Little Arkansas River water-quality data dur-
ing 1995 through 2005. This report describes additional data 
collected during 2006 through 2012 as a continuation of the 
study described in Ziegler and others (2010) and summarizes 
Little Arkansas River (source-water for artificial recharge) and 
Equus Beds aquifer water quality. Including recent (2006–12) 
data in this report allows for additional analysis and statisti-
cal techniques, including trend analyses that were not used in 
Ziegler and others (2010). Some parts of this report are repro-
duced verbatim from Ziegler and others (2010). 

Equus Beds Aquifer Artificial Recharge

The city of Wichita implemented the Equus Beds 
Groundwater Recharge Demonstration Project in 1995 to 
investigate the feasibility of using Little Arkansas River 
water to artificially recharge the aquifer. Ziegler and others 
(1999) identified the water-quality constituents of concern 
and described the water quality compatibility between the 
Little Arkansas River and the Equus Beds aquifer. The report 
(Ziegler and others, 1999) indicated that the Little Arkansas 
River and Equus Beds aquifer have compatible water quality 
and Ziegler and others (2001) documented minimal changes 
to the aquifer water quality after 3 years of artificial recharge 
associated with the Groundwater Recharge Demonstration 
Project. Primary constituents of concern identified by Ziegler 
and others (1999) were sodium, chloride, nitrite plus nitrate 
(hereafter referred to as nitrate), iron, manganese, atrazine, 
and total coliform bacteria. In 2001, arsenic was added to 
the constituents of concern list after the U.S. Environmental 
Protection Agency (EPA) lowered the maximum contaminant 
level (MCL) from 50 to 10 micrograms per liter (µg/L; Ziegler 
and others, 2001). A thorough description of Groundwater 
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Recharge Demonstration Project site locations and permit 
regulations for recharge operations associated with the Equus 
Beds Groundwater Recharge Demonstration Project can be 
found in Ziegler and others (1999), Ziegler and others (2010), 
and Garinger and others (2011). Additionally, Ziegler and oth-
ers (2010) highlight several related water-quality studies. 

After successful implementation of artificial recharge 
of the Equus Beds aquifer during the Groundwater Recharge 
Demonstration Project, the city of Wichita moved forward 
with plans for aquifer storage and recovery (ASR) Phase I, a 
large-scale recharge operation. Phase I recharge activity began 
in 2007 with water being injected at four wells (RRW-1–
RRW-4; fig. 1) and 2 recharge basins (RB-1 and RB-2; fig. 1) 
and recharge activity continued through 2012 with intermittent 
pauses as a result of low flows on the Little Arkansas River. 
For Phase I recharge, stream water was diverted directly from 
the Little Arkansas River and indirectly through streambank 
diversion wells when base flow was exceeded at the stream-
flow gaging station near Halstead, Kans. (Garinger, 2011; 
fig. 1; table 1). Directly diverted stream water went through 
a treatment process to reduce sediment and remove organic 
materials before being recharged to the aquifer through RB-1 
and RB-2; whereas water pumped from streambank diver-
sion wells did not receive additional treatment before being 
recharged to the aquifer through any of the Phase I injection 
wells or recharge basins (Garinger, 2011). 

A summary table of gallons of water recharged for each 
month during Phase I is available online (http://ks.water.usgs.
gov/water-recharge#phase1, June 2014). Total recharged water 
at Phase I sites was about 1 billion gallons (gal) between 2007 
and 2012; however, from November 2010 to March 2012, no 
recharge occurred because of extended drought conditions in 
south-central Kansas. Phase I has an operational capacity of 
10 million gallons per day (Mgal/day), whereas Phase II (oper-
ational in April 2013) has a capacity to recharge 30 Mgal/day. 

Description of Study Area and Background

The study area encompasses approximately 189 square 
miles (mi2) in south-central Kansas, northwest of Wichita in 
Harvey and Sedgwick Counties (fig. 1). The area is bounded 
by the Arkansas River to the southwest and the Little Arkansas 
River to the northeast (fig. 1). The Little Arkansas River drains 
an area of about 1,200 mi2 of primarily agricultural land. Crops 
produced include corn, sorghum, soybeans, and wheat. Com-
mon agricultural chemicals applied to these crops include fer-
tilizers and herbicides, such as alachlor and atrazine. Livestock 
raised in the area include cattle and hogs (Kansas Department 
of Agriculture, 2006). 

The study area is underlain by the Equus Beds aquifer, 
which is considered a part of the larger High Plains aquifer 
(fig. 1). The aquifer is named for Pleistocene horse fos-
sils found in the aquifer sediments. The Equus Beds aquifer 
is about 300 feet (ft) thick with the deepest parts near the 
McPherson Channel (bedrock low), and consists of sand and 

gravel alluvial deposits interbedded with clay and silt that lay 
on top of the shale in the Wellington Formation (fig. 2; Ziegler 
and others, 2010). A more detailed description of the study area 
geology is presented in Ziegler and others (2010). 

The aquifer is an important source of groundwater 
because of its water quality, shallow depth to the water table, 
and large saturated thickness (Williams and Lohman, 1949). 
The general direction of groundwater movement within the 
study area is west to east (Aucott and others, 1998; Hansen and 
others, 2014) except where the hydraulic gradient is altered by 
pumping wells and near a low-head dam on the Little Arkansas 
River at Halstead, Kansas (fig. 3). The well field, developed by 
the city of Wichita in the Equus Beds aquifer during the 1940s 
and completed in the 1950s, is one of the primary sources of 
water for the city and the surrounding area (within the cen-
tral part of the study area, fig. 1). Numerous irrigation wells 
also withdraw water from the aquifer within the boundaries 
of Equus Beds Groundwater Management District Number 2 
(GMD2; Equus Beds Groundwater Management District No. 2, 
1990).

After an extended period of less than average precipitation 
(referred hereafter as drought) during the 1950s (fig. 4A) the 
Bureau of Reclamation constructed the Cheney Dam, and the 
city of Wichita began using water from Cheney Reservoir (par-
tially shown southwest of study area, fig. 1) in 1965 to supple-
ment its supply from the Equus Beds aquifer. The proportion 
of the water supply obtained from Cheney Reservoir increased 
from 20 percent in 1965 to 44 percent in 1994, and from 1995 
through 2012, water from Cheney Reservoir ranged from 51 
to 70 percent of Wichita’s total water supply (fig. 4B). The 
increased reliance on surface water from Cheney Reservoir was 
part of Wichita’s Integrated Local Water Supply Plan imple-
mented in 1993 (Warren and others, 1995; City of Wichita, 
written commun., 2000). This plan was implemented to ensure 
that the city’s water-supply needs would be met through 2050 
by promoting conservation, increasing water use from Cheney 
Reservoir, and decreasing pumping from city wells in the 
Equus Beds well field. The plan also called for investigating 
Equus Beds ASR using excess water from the Little Arkansas 
River, which is currently (2015) an ongoing operation. Phase 
I recharge of the ASR project began in 2007 and continued 
through 2012 (fig. 1), whereas Phase II of the ASR project 
(additional recharge and diversion sites, new pre-recharge sur-
face water treatment facility) became operational in 2013. As 
of 2013, Phase I and Phase II are coexisting operations. 

Substantial water-level declines in the Equus Beds aquifer 
have resulted from pumping groundwater for agricultural and 
municipal needs as well as periodic drought conditions. The 
lowest water levels were recorded in 1993 and were as much as 
50 ft lower than predevelopment (1940) water levels in some 
locations (Hansen and Aucott, 2001, 2004; Hansen, 2007). 
Water-level declines caused concern about the adequacy of 
Wichita’s future water supply. Saltwater migration into the 
aquifer is an additional issue. Sources of saltwater include 
the Arkansas River, oil-field brines that leaked from surface 
disposal pits or injection wells in the Burrton oil-field area 
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Table 1. Number of days when water diversion permit conditions were met,  Little Arkansas River at Highway 50 near Halstead, 
Kansas, 1995–2012.

[ft3/s, cubic foot per second; recharge permit conditions for streamflow diversion set by the Kansas Department of Agriculture, Division of Water Resources, 
January 1995–December 2005: April 1 through September 30 streamflow must exceed 42 ft3/s, October 1 through March 31 streamflow must exceed 20 ft3/s; 
January 2006–present (Phase I): April 1 through September 30 streamflow must exceed 57 ft3/s, October 1 through March 31 streamflow must exceed 20 ft3/s; 
shading pertains to number of annual days exceeding current permit conditions]

Year
Number of days when streamflow 

met permit conditions
Number of days when streamflow 

exceeded 70 ft3/s
Number of days when streamflow 

exceeded 100 ft3/s

1995 99 72 62
1996 130 61 52
1997 270 97 83
1998 261 161 121
1999 349 161 133
2000 234 117 94
2001 171 103 88
2002 110 57 47
2003 161 89 71
2004 159 67 49
2005 157 104 81
2006 15 8 5
2007 166 131 109
2008 286 136 95
2009 280 113 85
2010 170 58 46
2011 49 16 11
2012 41 24 18
Average 173 88 69
Median 164 93 76
Standard deviation 93 46 36
10th percentile 47 22 16
90th percentile 282 144 113

northwest of the study area (fig. 1), municipal wastewater 
facility discharges, industrial discharges, and mineralized 
water from the underlying Wellington Formation (Ziegler and 
others, 1999; Whittemore, 2007). 

Groundwater levels in the shallow part of the aquifer 
increased by as much as 25 ft in some areas by the summer of 
2012 compared to 1993 levels; however, outside the central 
part of the study area, specifically in the north-central part, 
water levels have decreased since 1993 (fig. 5; Hansen and 
others, 2014). These water-level decreases are likely a result of 
increased irrigation-related pumping for agricultural purposes 
during 2011 through 2012 drought conditions (figs. 4A and 
4B). Overall, the summer 2012 groundwater levels remain 
substantially lower than predevelopment (1940) water levels 
(fig. 6; Hansen and others, 2014). By the summer of 2012, 
water storage in the central part of the study area increased 
by about 40 percent since 1992 likely because of a combina-
tion of natural recharge of above normal precipitation (1993–
2012), decreased aquifer pumping by the city of Wichita, and 

implementation of artificial recharge (Hansen and others, 
2014). Other factors contributing to aquifer increases since 
1993 include subsurface inflow, streamflow losses, and irriga-
tion return flow (Myers and others, 1996). Hansen and others 
(2014) estimated the winter 2012 total aquifer storage volume 
in the study area to be greater than 3 million acre-feet (about 
990 billion gallons). 

Water quality in the study area is controlled by the geol-
ogy of the underlying bedrock and aquifer materials; hydraulic 
permeability (porosity) and geochemical (oxidation and reduc-
tion) properties of the aquifer; and effects related to past oil 
and gas activities, and agriculture. Water-quality changes were 
anticipated in the Equus Beds aquifer with the implementation 
of full-scale artificial recharge. Increased water levels from 
artificial recharge were expected to slow the saltwater migra-
tion from the northwest and south of the study area, which 
could potentially limit further chloride migration and improve 
aquifer water quality (fig. 1). 
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Figure 6. Water-level changes in the shallow part of the Equus Beds aquifer, predevelopment (1940) to summer 2012, south-central 
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Purpose and Scope 

The purpose of this report is to describe Little Arkan-
sas River and Equus Beds aquifer water quality during 1995 
through 2012, including quantifying effects related to Phase I 
recharge activities of about 1 billion gal. Water quality before 
and concurrent with (2007 through 2012) implementation 
of large-scale (design capacity of 10 million gallons per day 
[Mgal/d]) recharge activities (Kansas Underground Injection 
Control Area Permit Class V Injection Well, Kansas Permit 
No. KS–05–079–001) at ASR Phase I sites are described. 
Water quality is described before the implementation of ASR 
Phase II, which began in 2013. This report includes water-
quality data collected during 1995 through 2012, and these 
data are supplemented with available historical data. The 
study described herein is part of a long-term cooperative study 
(since 1940) between the city of Wichita and the USGS to 
describe the water quantity and quality conditions in the Equus 
Beds aquifer and Little Arkansas River, and the potential 
effects of artificial recharge on water resources in south-
central Kansas. The description of water-quality conditions 
in this report serves as a baseline to detect any subsequent 
water-quality changes in the Equus Beds aquifer and the Little 
Arkansas River during Phase II of the ASR project. 

Water-quality samples were collected at 2 surface water 
monitoring sites on the Little Arkansas River, a network of 
38 areal assessment index wells (IW) in shallow and deep 
parts of the aquifer, background wells, ASR prototype wells, 
and ASR Phase I and Phase II monitoring wells. A thorough 
description of these sites and site groupings can be found in 
the “Methods” section under the “Sampling Sites” subsection. 
Continuous chloride, arsenic, atrazine, and fecal indicator 
bacteria in the Little Arkansas River presented herein were 
computed using previously developed regression models 
(Christensen and others, 2000). Water-quality constituents 
of interest discussed in this report include those listed in the 
primary and secondary EPA Federal drinking-water criteria, as 
well as onsite measurements such as specific conductance and 
oxidation-reduction potential (ORP). 

Recent Water-Quality Studies

Garinger and others (2011) examined water quality in 
and near an experimental passive gravity recharge well and 
trench system that was installed in 2009 as part of the Phase 
I recharge project at Recharge Basin 1 (RB1; fig. 1). After 
injecting about 576,000 gal of treated surface water from 
the Little Arkansas River, bacterial and viral indicators (total 
coliform, fecal coliform, Escherichia coli [E. coli], coliphage 
virus, and Clostridium perfringens) were documented to enter 
the RB-1 wells through the recharge system, and recharge was 
temporarily discontinued. The city of Wichita disconnected 
the trench collection system from the passive gravity recharge 
well in July 2009 and proceeded to withdraw 1,825,000 gal of 
water from the aquifer at RB-1 to remove the recharged water 

and avoid contamination of the aquifer. As part of the Phase II 
treatment facility, enhanced membrane filtration and advanced 
oxidative treatment processes are designed to better remove 
these indicator bacteria and viruses, but monitoring will pro-
vide critical information that can be used by water managers 
to verify the preservation of the aquifer water quality.

Kelly and others (2013) developed a model to describe 
groundwater changes and quantify artificial recharge in the 
Equus Beds aquifer. The model was used to determine ground-
water flow in the Wichita well field area, which has several 
critical applications to the study area. One major application 
of the model is to quantify effects of changes in artificial and 
natural recharge, well pumping, and streamflow on groundwa-
ter. Additionally, the model can be used to simulate changes in 
water withdrawals, water levels caused by drought or pump-
ing, and natural and artificial aquifer recharge. Lastly, the 
model can be used to simulate chloride movement throughout 
the aquifer, and evaluate different withdrawal and injection 
scenarios on chloride movement.

Klager and others (2014) added chloride simulations to 
the Kelly and others (2013) model to evaluate areas where 
model improvements were needed and to provide aquifer chlo-
ride movement scenarios. Under the existing pumping model 
scenario in the area between the Arkansas River and the south-
ern boundary of the well field, the simulated 250-milligrams 
per liter (mg/L) chloride front moved north at an average rate 
of approximately 660 feet per year (ft/yr) in the shallow layer, 
780 ft/yr in the middle layer, and 660 ft/yr in the deep layer. 
The simulated 250-mg/L chloride front moved toward the 
Wichita well field from the Burrton area at an approximate rate 
of 400 ft/yr in the shallow layer, 150 ft/yr in the middle layer, 
and 310 ft/yr in the deep layer (Klager and others, 2014). 

Under the no pumping model scenario, chloride from the 
Arkansas River and the Burrton chloride plume still moved 
toward the Wichita well field (Klager and others, 2014). The 
250-mg/L chloride front from the Arkansas River near the 
southern part of the well field moved north toward the well 
field at an approximate average rate of 500 ft/yr in the shallow 
layer (160 ft/yr slower than in a baseline scenario), 570 ft/yr 
in the middle layer (210 ft/yr slower than in a baseline sce-
nario), and 510 ft/yr in the deep layer (150 ft/yr slower than 
in a baseline scenario). The 250-mg/L chloride front in the 
Burrton plume moved southeast toward the well field at a 
rate of approximately 520 ft/yr in the shallow layer (120 ft/yr 
faster than in a baseline scenario), 70 ft/yr in the middle layer 
(80 ft/yr slower than a baseline scenario), and 190 ft/yr in the 
deep layer (120 ft/yr slower than in a baseline scenario; Klager 
and others, 2014).

The chloride transport model simulates movement of 
the Burrton chloride plume at less than 1 mile per decade in 
the Burrton area (Klager and others, 2014). Results of model-
ing scenarios indicate that the Burrton chloride plume will 
continue moving toward the well field regardless of pumping 
in the area. Eastward movement of the Burrton chloride plume 
was slowed by the additional artificial recharge at Phase I 
sites coupled with decreased pumping by the city of Wichita. 

http://ks.water.usgs.gov/Kansas/studies/equus/injection-permit-jan-06.pdf
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Decreasing pumping along the Arkansas River or increasing 
water levels will deter chloride movement and may prevent 
further encroachment into the southern part of the well field 
area.

Methods
Streamflow, groundwater-level, and water-quality data 

were collected from the Little Arkansas River and from the 
Equus Beds aquifer from 1995 to 2012. A full listing of data-
collection sites used to describe water quality in the Little 
Arkansas River and in the Equus Beds aquifer for this report 
can be accessed in table 1–1 (appendix 1 at the back of this 
report).

Sampling Sites

Water quality in the Equus Beds aquifer was defined 
using samples collected at 38 areal assessment index well 
sites (each site with one deep and one shallow well), 7 diver-
sion well sites, 13 background wells, 9 Artificial Storage 
and Recovery prototype wells, and 66 Artificial Storage and 
Recovery Phase I and Phase II monitoring wells. Locations of 
the surface water sites, stream diversion sites, and monitoring 
wells are shown in figures 7A and 7B. GMD2 provided data 
for the wells they monitored (wells with EB and P prefixes on 
figs. 7A and 7B; Tim Boese, Manager, Equus Beds Groundwa-
ter Management District Number 2, written commun., 2012). 
Surface water samples were collected at USGS streamflow-
gaging stations on the Little Arkansas River at Highway 50 
near Halstead, Kans. (07143672), and near Sedgwick, Kans. 
(07144100). These two stations also are continuous real-time 
water-quality monitoring sites. 

Monitoring wells discussed in this report were divided 
into two groups by depth (shallow and deep) to describe dif-
ferences in water quality of the Equus Beds aquifer within 
the study area. Shallow wells (fig. 7A) were at depths below 
land surface equal to or less than 80 ft, and deep wells (fig. 
7B) were at depths greater than 80 ft deep. All IWs and ASR 
Phase I monitoring wells were constructed of polyvinyl 
chloride (PVC) pipe and the screened interval is typically 
in the lowermost 10 to 20 ft of the casing. All ASR Phase I 
recharge locations are accompanied with several shallow and 
deep monitoring wells (fig. 7A and 7B). Additionally, as part 
of the demonstration project, monitoring wells were installed 
near the Sedgwick and Halstead recharge sites and have been 
described in more detail by Ziegler and others (1999), Schmidt 
and others (2007), and Ziegler and others (2010). 

Ziegler and others (1999) described the background 
wells, which include 13 shallow monitoring wells along the 
Little Arkansas River. ASR prototype sites include 12 deep 
monitoring wells installed by the city of Wichita in 2002 
and 2004 near potential locations for large-scale withdrawal 
and artificial recharge. Three of the ASR prototype wells 

(RRW-1–RRW-3) became Phase I recharge sites; therefore, 
these sites will be referred to as ASR Phase I recharge sites 
hereafter (figs. 7A and 7B). ASR Phase II monitoring sites 
(figs. 7A and 7B) were established in 2010 to monitor future 
recharge operations during Phase II of the ASR project 
(operational in 2013). Lastly, 38 areal assessment IW sites 
were established by the city of Wichita throughout the study 
area in 2001; each IW site included a shallow and a deep 
monitoring well (figs. 7A and 7B). Statistical summaries of 
shallow and deep groundwater chemistry presented herein are 
based on water samples collected in the IW network, whereas 
distribution maps of individual constituents include data from 
all groundwater sites (IWs, diversion well sites, background 
wells, ASR prototype wells, and ASR Phase I and Phase II 
monitoring wells) in the study area.

Water-Sample Collection

Discrete and continuous water-quality data are used in 
this report to describe water quality in the Little Arkansas 
River and the Equus Beds aquifer. Methods for sample col-
lection are described in detail in Ziegler and Combs (1997), 
Ziegler and others (1999), and Ziegler and others (2010). Dis-
crete water-quality samples were collected from two surface 
water monitoring sites on the Little Arkansas River (07143672 
and 07144100), recharge demonstration sites, ASR Phase I and 
Phase II monitoring sites, and from IW and other wells within 
the study area (fig. 7A and 7B). Continuous water-quality data 
also were collected at the two Little Arkansas River sites.

Discrete Surface and Groundwater-Quality 
Samples

Sampling frequency varied depending on site type. 
Samples were collected at least six times per year for a range 
of hydrologic conditions from the two surface water monitor-
ing sites on the Little Arkansas River during 1995 through 
2012. Water samples from IWs were collected at least six 
times during 2001 through 2002 and annually thereafter. 
Decreased sampling frequency of IWs resulted from generally 
small variability in concentrations of water-quality constitu-
ents of interest. ASR prototype wells were sampled annually 
during 2002 through 2012, whereas monitoring wells associ-
ated with ASR Phase I recharge sites were sampled at least 
annually from 2006 to 2012 and monitoring wells associated 
with future ASR Phase II sites were sampled at least annually 
during 2010–2012. The current location of ASR Phase II sites 
MW-7 and MW-8 (fig. 7A and 7B) is the former location of 
the demonstration project Sedgwick recharge sites. Analyses 
of these samples were used for determining effects on water 
quality in the Equus Beds aquifer during the demonstration 
phase of the recharge project.

Water samples collected during 1995 through 2012 were 
analyzed for targeted physical properties, major ions, nutrients, 
dissolved trace elements, organic compounds, and bacterial 
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and viral indicators. A summary detection table of constitu-
ents of concern in groundwater samples at all sites during 
1995–2012 is presented in table 2. Dissolved concentrations 
of constituents were defined operationally by filtering samples 
through a 0.45-micrometer (µm) pore-size filter. Selected 
samples were analyzed for additional constituents, including 
inorganic compounds, radionuclides, organic compounds, and 
bacterial and viral indicators. In addition to constituents of 
concern, radionuclides and other organic compounds including 
pesticides and their metabolites, volatile organic compounds 
(VOCs), acid and base/neutral compounds, and pharmaceuti-
cal and personal care compound detection tables for surface 
water and groundwater samples are available online (http://
ks.water.usgs.gov/equus-water-quality, June 2014).

Physical properties and concentrations of dissolved 
solids, major ions, nutrients, dissolved trace elements, radio-
nuclides, organic compounds, and coliform bacteria analysis 
methods were described by Ziegler and Combs (1997). Arse-
nic speciation data were collected and analyzed using methods 
described in Garbarino and others (2002). Fecal and viral indi-
cator bacteria analyses were done using methods described by 
Bisson and Cabelli (1979, 1980), Britton and Greeson (1987), 
Armon and Payment (1988), Payment and Franco (1993), 
and the U.S. Environmental Protection Agency (1996, 2000, 
2001a, 2006b, 2006c, 2006d, and 2006e). Samples were ana-
lyzed by the city of Wichita laboratory (Wichita, Kans.), the 
USGS National Water Quality Laboratory (Denver, Colorado), 
and the USGS Organic Geochemistry Research Laboratory 
(Lawrence, Kans.). Further information regarding data-collec-
tion methods, preservation, sample holding times, analytical 
methods, and reporting levels can be found in Ziegler and 
Combs (1997). 

In addition to summary data presented in this report, 
individual sample analyses are available online at http://
waterdata.usgs.gov/ks/nwis/qw. Statistical summaries of these 
water-quality data are available at http://ks.water.usgs.gov/
equus-water-quality. Average and median concentrations of 
water-quality constituents from discrete samples presented 
in statistical summary tables in this report were calculated 
using the summary statistics program that is part of the USGS 
National Water Information System (NWIS). This program 
uses statistical methods described in Helsel (2005). More 
information on the NWIS summary statistics program and cen-
sored observations can be found in Ziegler and others (2010). 
Additionally, for time-period comparisons of iron data in this 
report all observations less than 100 µg/L were censored to 
100 µg/L because the minimum detection limit for iron analy-
sis by the city of Wichita laboratory changed from 5 µg/L to 
100 µg/L. 

Continuous Surface Water-Quality Monitoring
Streamflow was measured using standard USGS methods 

(Sauer and Turnipseed, 2010; Turnipseed and Sauer, 2010) 
beginning in 1988 at the streamflow-gaging stations on the 
Little Arkansas River at Highway 50 near Halstead, Kans., 

and near Sedgwick, Kans. Each site was also equipped with 
a Yellow Springs Incorporated 6600 Extended Deployment 
System water-quality monitor to continuously measure spe-
cific conductance, pH, water temperature, dissolved oxygen, 
and turbidity. The sensors were calibrated and maintained 
according to methods presented in Wilde and Radke (1998), 
and Wagner and others (2006). Measurements from continu-
ous monitoring sensors were checked against a calibrated 
field meter during site visits. Continuous monitoring sensors 
were cleaned of any mud or debris and calibrated as needed. 
Continuous monitoring sensors collected daily data at 15 to 
60 minute time intervals, and these data are available at http://
nrtwq.usgs.gov/ks.

Quality Assurance and Quality Control

Quality assurance and quality control (QA/QC) samples 
routinely were collected to identify, quantify, and document 
bias and variability in data that resulted from collection, 
processing, handling, and analyzing samples (U.S. Geological 
Survey, 2006). QA/QC samples included replicate, blank, and 
standard reference samples. More than 500 QA/QC samples 
were collected from surface water and groundwater sites dur-
ing 1995 through 2012. Ziegler and others (2010) evaluated 
QA/QC samples collected during 1995 through 2004. Samples 
collected during 2005 through 2012 were summarized for this 
report. 

Replicate samples are collected simultaneously or close 
in time with the associated environmental sample using identi-
cal procedures (U.S. Geological Survey, 2006). Replicate 
samples are compared with their respective environmental 
sample using relative percentage difference (RPD), calculated 
as the difference between the replicate and the environmen-
tal sample concentrations divided by the average of the two 
values multiplied by 100. During 2005 through 2012, roughly 
240 replicate water-quality samples were collected from 
surface water and groundwater sites. The median RPDs for 
all sites combined did not exceed 10 percent for any analyzed 
constituent (fig. 1–1) indicating that sampling and analysis 
methods were consistent, and did not introduce large bias or 
variability into the dataset. RPDs for individual sample pairs 
that exceeded 10 percent generally occurred at concentrations 
near reporting levels. The primary sources of larger RPDs 
recorded during 1999 through 2004 (fig. 1–1) are discussed in 
Ziegler and others (2010).

Blank samples were collected to measure the magnitude 
of contaminant concentration that might have been introduced 
into samples as a result of sampling, processing, and analyti-
cal procedures (U.S. Geological Survey, 2006). Blank samples 
are composed of deionized water, inorganic blank water, or 
pesticide-grade blank water depending on analyses. During 
2005 through 2012, roughly 100 blank samples associated 
with surface water and groundwater sites were collected. 
The largest number of detections was recorded in filtered and 
unfiltered organic carbon samples (fig. 1–2). Nearly all carbon 

http://ks.water.usgs.gov/equus-water-quality
http://ks.water.usgs.gov/equus-water-quality
http://waterdata.usgs.gov/ks/nwis/qw
http://waterdata.usgs.gov/ks/nwis/qw
http://ks.water.usgs.gov/equus-water-quality
http://ks.water.usgs.gov/equus-water-quality
http://nrtwq.usgs.gov/ks
http://nrtwq.usgs.gov/ks
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detections were near the detection limit. A few carbon detec-
tions were traced to potentially contaminated blank water used 
for the samples. Detections for the remaining constituents also 
were near detection limits.

Standard reference samples were analyzed by the Wichita 
Municipal Water and Wastewater laboratory at least annually 
and usually twice annually. Samples were submitted to the 
USGS Branch of Quality Systems for laboratory performance 
evaluation. Evaluation of the Wichita laboratory indicated that 
reported values usually were within 10 percent of the most 
probable value during 2005–2012. Median percent differences 
for all analytes were less than 10 percent. Results indicated 
that the laboratory data generally were consistent and not 
biased. 

Regression Analysis 

Statistical methods presented in Helsel and Hirsch (1992, 
2002) were used to develop regression models between water-
quality constituent concentrations in surface water samples 
and physical properties such as specific conductance, pH, 
water temperature, and turbidity (Christensen and others 2000, 
2003; Rasmussen and Ziegler, 2003). These models were used 
to provide real-time computations of concentrations and loads 
for selected major ions, nutrients, arsenic, atrazine, and fecal 
indicator bacteria in the Little Arkansas River. Real-time com-
puted concentrations contribute to a better understanding of 
the distribution and seasonal variations of these constituents of 
interest in the Little Arkansas River; however, model uncer-
tainly results in limitations of computed concentration data 
and should not replace discrete sampling. Information regard-
ing computed concentrations, duration curves, and model 
uncertainty is available online at http://nrtwq.usgs.gov/ks/. 

Ziegler and others (2010) used previously developed 
ordinary least-square regression models (Helsel and Hirsch, 
2002) to estimate concentrations of water-quality constituents 
in groundwater. These models help to explain the distribution 
of these constituents in the study area. They also provide the 
ability to compute concentrations of constituents in ground-
water for future use and in parts of the Equus Beds aquifer 
without complete chemical analyses using basic constituent 
data from onsite sensor measurements. The following three 
medium to strong relations (coefficient of determination [R2] 
between 0.5 and 1.0) for groundwater IWs were developed 
through statistical regression: (1) specific conductance and 
sulfate concentration, (2) specific conductance and chloride 
concentration, and (3) ORP and arsenic concentration (Ziegler 
and others, 2010).

Effective Porosity

Effective porosity is a measure of the interconnected 
pore volume within a rock layer that contributes to fluid flow 
(Lohman, 1972) and is expressed as a percentage of the total 
volume. Effective porosity for the entire thickness of the 

aquifer was computed by Ziegler and others (2010) and is 
presented in figure 8. Ziegler and others (2010) point out that 
changes related to the water quality of the Equus Beds aquifer 
may occur more rapidly in areas with larger effective porosity. 
Therefore, areas of particular interest because of large esti-
mated effective porosities (greater than 15 percent) are along 
the western and southern parts of the study area, near the Little 
Arkansas River, and in the central part of the study area (fig. 8; 
Ziegler and others, 2010).

Water-Quality Constituents of Concern 

Of all the constituents analyzed, only those that fre-
quently exceeded EPA Federal drinking- water-quality criteria, 
those that are of potential concern for artificial recharge 
operations, and those that may change as a result of artifi-
cial recharge are discussed in this report. These constituents 
include dissolved ions (sulfate and chloride), nutrients, trace 
elements (arsenic, iron, and manganese), triazine herbicides 
(atrazine), alachlor, and bacterial (fecal coliform, E. coli, and 
total coliform) and viral (Clostridium perfringens and E. coli 
coliphage) indicators. Average concentrations for specific 
constituent analysis are frequently reported; however, median 
concentrations of constituents are highlighted in instances 
when concentrations are highly variable and not normally 
distributed (for example, surface water nutrients, pesticides, 
and bacteria). Statistical summaries of these constituents are 
presented for the two surface water monitoring sites on the 
Little Arkansas River (table 3), shallow IWs, deep IWs, and 
sites associated with ASR Phase I recharge (table 4). Aquifer 
water-quality changes associated with the timing of Phase I 
recharge are presented in table 5. Detailed summaries of all 
water-quality monitoring results are presented on the Equus 
Beds Water Quality Web site at http://ks.water.usgs.gov/
equus-water-quality. 

Water Quality of the Equus Beds 
Aquifer and Little Arkansas River, 
1995–2012

To develop a baseline for the artificial recharge project, 
data collection began in 1995 and is currently (2015) ongoing. 
Data gathered from 1995 to 2005 were summarized by Ziegler 
and others (2010), whereas additional data gathered from 
2006 to 2012 is appended to the previously collected data in 
Ziegler and others (2010) and is summarized in this report. 
Water-quality data in this report extend from 1995 to 2012 and 
in some instances were divided into two periods to examine 
multi-year temporal changes or trends in the IW network, 
which was established by the city of Wichita in 2001. This is 
useful because it underscores potential water-quality changes 
associated with ASR Phase I and establishes a baseline for 

http://nrtwq.usgs.gov/ks/
http://ks.water.usgs.gov/equus-water-quality
http://ks.water.usgs.gov/equus-water-quality
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enhanced large scale recharge activities planned for 2013 and 
beyond associated with Phase II of the ASR project. 

Constituents and physical properties of interest for each 
of the shallow and deep IWs include arsenic, chloride, iron, 
manganese, nitrate, ORP, specific conductance, and sulfate. As 
a group, all of the constituents of interest except chloride, arse-
nic, and ORP had the average value increase from the 2001 
to 2006 period to the 2007 to 2012 period in the IW network 
(table 5). The median values for constituent well averages 
increased for sulfate, chloride, iron, manganese, and specific 
conductance from the first period to the second, while nitrate, 
arsenic, and ORP decreased (table 5). The iron concentration 
increases are likely linked to the decrease in ORP. The average 
concentration increases of constituents of interest and the ORP 
decrease from 2006 to 2012 is likely linked to drought condi-
tions during 2011–2012 (fig. 4A). Lower precipitation amounts 
limit the diluting effect of new-water recharge. 

Physical Properties

Physical properties were measured onsite during sample 
collection and include streamflow, groundwater level, spe-
cific conductance, pH, water temperature, turbidity, dissolved 
oxygen, and ORP. The physical properties discussed in detail 
in this report are specific conductance and ORP because these 
properties are closely related to several water-quality constitu-
ents of concern (specific conductance and ions/trace metals, 
ORP and dissolved trace elements, and so on). 

Specific Conductance
Specific conductance measures the ability of water to 

conduct an electrical current and is an indirect measurement 
of the presence of inorganic dissolved solids in water (Hem, 
1992). Previous studies have successfully used specific con-
ductance to compute concentrations of water-quality constitu-
ents, such as sulfate and chloride, in surface water in the Little 
Arkansas River (Christensen and others, 2000, 2003). Specific 
conductance measurements in water samples collected from 
surface water sites during 1995 through 2012 ranged from 134 
to 3,220 microsiemens per centimeter at 25 degrees Celsius 
(µS/cm at 25 °C), with a median value of 1,080 µS/cm at 
25°C. Specific conductance measurements by the continuous 
monitoring sensors during 1999 through 2012 at the surface 
water monitoring sites on the Little Arkansas River near Hal-
stead, Kans., and near Sedgwick, Kans., were within the range 
of those measured in water samples collected at these sites. 

 High specific conductance (larger than 1,000 µS/cm at 
25 °C) was measured along parts of Kisiwa Creek and the 
Arkansas River in shallow and deep parts of the aquifer (fig. 1; 
figs. 9A and 9B). The area of highest specific conductance in 
deep parts of the aquifer during 2006 through 2012 was near 
Burrton, Kans. (fig. 9B), and is associated with past oil and gas 
activities (Williams and Lohman, 1949; Whittemore, 2007).
Areas of high specific conductance generally corresponded 

to areas of larger effective porosity near Burrton, Kans., and 
along the Arkansas River (fig. 8). Distribution of specific con-
ductance in the Equus Beds aquifer has not changed substan-
tially since 1979 and 1980 when Hathaway and others (1981) 
reported the highest specific conductance values near Burrton, 
Kans., south of Kisiwa Creek, and along the Arkansas River, 
whereas low values occurred in the northern and eastern parts 
of the study area of the Equus Beds Groundwater Recharge 
Project. 

Oxidation-Reduction Potential (ORP)
ORP is measured in millivolts (mV) relative to the 

standard hydrogen electrode, and indicates the ability of con-
stituents in water to undergo oxidation or reduction reactions 
(Ziegler and others, 2010). ORP was reported only in ground-
water samples. Larger ORP values represent conditions with 
an increased oxidation potential. For example, ORP values 
of more than 250 mV indicate that the dominant iron species 
in groundwater was ferric iron, which can lead to chemical 
precipitation of iron hydroxides in aquifer material and can 
decrease the effective porosity. If ORP is less than 250 mV, 
more reducing conditions may cause reduction of nitrate and 
dissolution of arsenic, iron, and manganese in aquifer materi-
als, thereby leading to larger dissolved concentrations of these 
constituents in groundwater. Even more reducing conditions 
involve geochemical and biological processes that convert 
dissolved sulfate to hydrogen sulfide gas. As a result, reduced 
areas (low ORP values) are expected to have lower dissolved 
sulfate or nitrate concentrations.

Average ORP in the shallow parts of the aquifer indicate 
more reducing conditions (ORP less than 250 mV) along 
parts of Kisiwa Creek and the Little Arkansas River (fig. 10A; 
fig. 1). In the deep parts of the aquifer, most of the southern 
part of the study area (Sedgwick County) was more oxidiz-
ing than the northern part (Harvey County; fig. 10B; fig. 1). 
This generally corresponded to larger effective porosity values 
(more sandy material) in the southern part of the study area 
(fig. 8).

Major Ions

Dissolution of rocks and minerals is the primary source 
for most major ions in water (Hem, 1992). Primary sources of 
chloride in the study area are from past oil and gas activities 
near Burrton, Kans., naturally occurring saline water from the 
Arkansas River, municipal wastewater, industrial discharges, 
and mineralized water from the underlying Wellington Forma-
tion (Ziegler and others, 1999; Whittemore, 2007). Major ion 
constituents analyzed in water samples collected for this study 
include calcium, magnesium, potassium, sodium, bicarbonate, 
carbonate, bromide, chloride, fluoride, and sulfate. Summa-
ries of these constituent concentrations for the study area are 
available online (http://ks.water.usgs.gov/equus-water-quality, 
December 2013).
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Groundwater in the Equus Beds aquifer is predominantly 
a calcium bicarbonate type changing to a sodium chloride type 
in some areas (Leonard and Kleinschmidt, 1976). The ground-
water near the Arkansas River is a calcium sodium chloride 
type. Farther away from the Arkansas River, the dominant 
groundwater is a calcium bicarbonate type.

Large concentrations of major ions are objectionable 
in drinking water because of possible physiological effects, 
unpalatable mineral tastes, and greater costs resulting from 
corrosion or the need for additional treatment (U.S. Envi-
ronmental Protection Agency, 1986). Sodium, sulfate, and 
chloride frequently exceed water-quality criteria in the study 
area. Sulfate and chloride are discussed in detail in this report 
because of the potential for saltwater migration from the 
Burrton oil field and the Arkansas River into the Equus Beds 
aquifer. 

Sulfate 

Sulfate is a major ion of importance for artificial 
recharge. Natural sources of sulfate in surface water and 
groundwater are rock weathering, oxidation of sulfide min-
erals, and biological processes. The primary anthropogenic 
sources of sulfate in water are atmospheric deposition from 
the combustion of coal and petroleum products, and irrigation 
return flows (Ziegler and others, 2010). Sulfate contributes 
to dissolved-solids concentrations in water and is considered 
undesirable when exceeding 250 mg/L, which is the Federal 
secondary maximum contaminant level (SMCL) established 
by the EPA (U.S. Environmental Protection Agency, 2009). 
Constituents exceeding Federal SMCLs do not create health 
issues for humans, but limits are set for aesthetic reasons 
(taste and odor), technical effects (corrosion and staining), and 
cosmetic effects.

Water samples collected from the Little Arkansas River 
near Halstead, Kans., and Sedgwick, Kans., during 1995 
through 2012 had an average sulfate concentration of about 
38 mg/L (table 3), which was substantially smaller than the 
SMCL. Sulfate concentrations ranged from less than 5 to 
312 mg/L between the two surface water sites, and sulfate 
exceeded the SMCL in less than 1 percent of samples. 

Christensen and others (2000, 2003) developed regres-
sion models to compute continuous concentrations of sulfate 
in the Little Arkansas River using continuously measured 
specific conductance as a surrogate. This model was used to 
compute concentrations of sulfate in the Little Arkansas River 
for 1999 through 2012. Data and regression model information 
are available at http://nrtwq.usgs.gov/ks/. Computed sulfate 
concentrations in the Little Arkansas River from 1999 through 
2012 ranged from less than 3 to 93 mg/L near Halstead, Kans., 
and from less than 2 to 104 mg/L near Sedgwick, Kans. The 
largest sulfate concentration computed at the surface water 
sites on the Little Arkansas River was 104 mg/L, which is 
substantially smaller than the largest measured concentration 
of 312 mg/L. Computed median sulfate concentrations were 

45 mg/L at both Little Arkansas River sites during this 14-year 
study period. 

The distribution of study area average sulfate concentra-
tions in groundwater during 2006–2012 is shown in figure 11. 
In the shallow IWs, 18.7 percent of the samples exceeded the 
SMCL for sulfate (table 4) during 2001–2012, whereas water 
samples from 12.9 percent of the deep IWs had sulfate con-
centrations that exceeded 250 mg/L (table 4). Wells with aver-
age sulfate concentrations exceeding the SMCL are mostly 
located in the central part of the study area (figs. 11A and 11B) 
where the aquifer is thickest (fig. 2), and generally associated 
with areas that were substantially dewatered through 1992 and 
have subsequently recovered (fig. 5).

Ziegler and others (2010) established that sulfate con-
centrations increased in the Equus Beds aquifer from 1979 
to 2005 (Hathaway and others, 1981), and indicated that 
increased concentrations were likely the result of dewatering 
and subsequent oxidation of aquifer material during the mod-
ern historical water-level low of the early 1990s (figs. 4A and 
11A). Data presented in this report reveal sulfate concentra-
tions have been continuing to increase since 2006, as the aver-
age concentration for all IWs was 141 mg/L during 2007–2012 
compared to 129 mg/L during 2001–2006 (table 5). Sulfate 
is a charged ionic species that increases the specific conduc-
tance of water (Hem, 1992). Therefore, an increase in sulfate 
concentration can result in a corresponding increase in specific 
conductance. Similar to the average sulfate concentration 
increases since 2005, the average specific conductance for all 
IWs also increased during 2007–2012 compared to 2001–2006 
(table 5). Sulfate concentrations can also be strongly related to 
oxidation-reduction properties of water (Hem, 1992); how-
ever, in Ziegler and others (2010), statistical analysis of ORP 
was not shown to be strongly related to sulfate in the Equus 
Beds aquifer.

Chloride
Sources of chloride in the Equus Beds aquifer include 

underlying rocks and past disposal of oil-field brines. Natural 
water from the unconsolidated aquifer normally contains less 
than 100 mg/L chloride, whereas larger concentrations (100 
to 500 mg/L) are common in the western part of the study 
area near the Burrton oil field and along the Arkansas River 
(fig. 1; Ziegler and others, 2010). Chloride concentrations 
in the Arkansas River averaged about 600 mg/L from 1988 
through 1991 (Myers and others, 1996). Concentrations of 
chloride in the Arkansas River between Hutchison, Kans., and 
Maize, Kans., averaged about 500 mg/L during 1997 through 
2006 (Kansas Department of Health and Environment, 
2006a). Upwelling of brines from the underlying Permian 
salt beds enters tributaries upstream from Hutchison, Kans. 
(not shown), that flow into the Arkansas River (fig. 1; Kansas 
Department of Health and Environment, 2006a; Whittemore, 
2007). Additionally, irrigation practices in western Colorado 
increase and prolong surface exposure to evaporation, subse-
quently leaving the remaining water that reenters the Arkansas 

http://nrtwq.usgs.gov/ks/
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River with higher dissolved ion concentrations (Whittemore, 
2000). Sources of chloride in the Little Arkansas River also 
include contamination from past oil and gas activities near 
McPherson, Kans. (not shown), and municipal and industrial 
wastewater discharges (Leonard and Kleinschmidt, 1976; Kan-
sas Department of Health and Environment, 2006b; Schmidt 
and others, 2007; Whittemore, 2007). 

The EPA Federal SMCL for chloride is 250 mg/L (U.S. 
Environmental Protection Agency, 2009). When chloride 
concentrations are larger than 250 mg/L, consumers detect 
a bleach-like odor and salty taste in the water. In addition, 
large concentrations of chloride can contribute to corrosion 
and staining of plumbing and fixtures (U.S. Environmental 
Protection Agency, 2005). Irrigation water with concentrations 
exceeding 350 mg/L chloride is likely to cause adverse effects 
on crops (Bauder and others, 2007).

 Chloride concentrations in water samples collected from 
the Little Arkansas River near Halstead, Kans., and near Sedg-
wick, Kans., ranged from less than 5 to 932 mg/L during 1995 
through 2012 (table 3). The Federal SMCL for chloride was 
exceeded in about 11 percent of the samples collected from the 
2 surface water monitoring sites on the Little Arkansas River 
during 1995 through 2012 (table 3). Chloride concentrations 
were less than the SMCL for all samples at Phase I source 
sites (table 4). 

Continuous chloride concentrations in the Little Arkansas 
River were computed based on specific conductance measure-
ments using regression models from Christensen and others 
(2003) for the period 1999 through 2012. Median computed 
chloride concentration was 166 mg/L in the Little Arkansas 
River near Halstead, Kans., and exceeded 250 mg/L about 
20 percent of the time during 1999 through 2012 (fig. 12). 
Median computed chloride in the Little Arkansas River near 
Sedgwick, Kans., was about 85 mg/L and exceeded 250 mg/L 
less than 1 percent of the time during 1999 through 2012 

(fig. 12). Larger specific conductance and chloride concen-
trations generally corresponded with low-flow conditions. 
Chloride concentrations likely are smaller at the downstream 
Sedgwick site, relative to the Halstead site, because of dilu-
tion from groundwater inflow containing smaller chloride 
concentrations.

Chloride concentrations exceeded the SMCL in 5.6 per-
cent of the water samples from IWs in the shallow parts of 
the aquifer during 2001 through 2012 (table 4). Shallow 
wells with average concentrations of chloride larger than the 
SMCL are near Burrton, Kans., and along the Arkansas River 
(fig. 13A). Average chloride concentrations during 2006–12 in 
the deep parts of the Equus Beds aquifer are shown in figure 
13B, and chloride concentrations exceeded the SMCL in about 
7.4 percent of the water samples from deep IWs during 2001 
through 2012 (table 4). Similar to the shallow parts of the 
aquifer, concentrations exceeding 250 mg/L were detected 
in wells located near Burrton, Kans., and along the Arkansas 
River. An exception to the high chloride concentrations near 
the Arkansas River occurs south of Bentley, Kans. in the deep 
parts of the aquifer, which is also near the location of the bed-
rock low (fig. 13B). Average chloride concentrations at all IWs 
(shallow and deep) decreased during 2007–2012 compared to 
2001–2006 averages; however, median chloride concentra-
tions increased from the first period to the second (table 5). 

Chloride movement through the Equus beds aquifer is 
complex because of discontinuous clay and sand layers. The 
clay layers act as aquitards, slowing the vertical movement 
of groundwater, whereas sand layers allow the groundwater 
to flow. Between the periods of 1982–1984 and 1995–2005, 
the Burrton chloride plume has advanced east and southeast 
(fig. 14) following the general direction of groundwater flow 
(fig. 3). The location of the chloride concentrations exceed-
ing 250 mg/L in deep groundwater continued to move to the 
east and south during 2006–2012 relative to 1995–2005 and 

0

50

100

150

200

250

300

350

400

450

500

0 10 20 30 40 50 60 70 80 90 100

Co
m

pu
te

d 
di

ss
ol

ve
d 

ch
lo

rid
e 

co
nc

en
tra

tio
n,

 in
 m

ill
ig

ra
m

s 
pe

r l
ite

r

Percentage of time

Little Arkansas
River at Highway 50 
near Halstead, Kansas

U.S. Environmental Protection Agency
secondary maximum contaminant level

Little Arkansas
River near Sedgwick, Kansas

Figure 12. Duration curves of 
computed dissolved chloride 
concentrations, 1999–2012, Little 
Arkansas River near Halstead 
and near Sedgwick, Kansas.



Water Quality of the Equus Beds Aquifer and Little Arkansas River, 1995–2012  37

R
E

N
O

 C
O

U
N

T
Y

H
A

R
V

E
Y

 C
O

U
N

T
Y

R
E

N
O

 C
O

U
N

T
Y

SE
D

G
W

IC
K

 C
O

U
N

T
Y

Burrton

Halstead

Hesston

Sedgwick

Buhler

Haven

Bentley

Mount
Hope

Newton

Valley
Center

135

26

6

30
19

8

21

15

1579

31
53

7478
45

20
5151

163 26
36

145
104

73

38 189
10

616

28

< 5

< 5

14

RB-01

RRW-02

RRW-01

RRW-03

RRW-04

RB-02

IW-36A
276

IW-35A
342

IW-37A
134

IW-38A
15

IW-32A
60

IW-30A
160 IW-34A

26

IW-31A
91

IW-33A
< 5

IW-28A
22

IW-27A
20

IW-29A
18

IW-25A
66

IW-24A
82

IW-26A
9

IW-19A
123

IW-23A
13

IW-22A
21IW-21A

70IW-20A
58

IW-18A
142

IW-14A
35

IW-17A
< 5

IW-16A
36

IW-15A
35

IW-13A
101

IW-11A
< 5 IW-12A

7

IW-09A
16

IW-10A
71IW-08A

184

IW-07A
6IW-04A

65

IW-06A
53

IW-05A
61

IW-03A
7

IW-02A
8

IW-01A
< 5

250

250

250

250

423

128

90

70
71

287

46

< 5

95

118
118

289

46

233

423

840

540

89

115

155

520

2

13

25

200

290

295

3,350

220

57

80

< 5

215

6

223

960

473

10

31

51

104

8

25

353

157

24

622

18

265

101

29

102

151

32

35

450

119
54

6828

183

394

51

700

60

181

89

154

246

322
214

518

885

< 5

6

126

265

97°25'97°30'97°35'97°40'97°45'
38°10'

38°05'

38°

37°55'

37°50'

¬«K96

£¤50

Little Arkansas River

Arkansas      River

Kisiwa Creek

101

3,350

50< 5

250

100

Groundwater Management District No. 2  monitoring 
well in the shallow layer of the Equus Beds 
aquifer—Number is average chloride concentration 
from 2006 to 2012, in milligrams per liter

0 1 2 3 MILES

0 1 2 3 KILOMETERS

Average chloride concentration in the shallow 
layer of the Equus Beds aquifer, 2006–2012, 
in milligrams per liter 

EXPLANATION

45

6

28

RRW-01
IW-01A

<5

Boundary of study area

Boundary of basin storage area

Boundary of the central part of 
the study area

" Phase I recharge location and 
site identifier

Phase II from 2010 to 2012

P

Phase I from 2006 to 2012

Index well and site identifier from 2006 to 2012

Monitoring well from 2006 to 2012

U.S. Geological Survey data collection site in the 
shallow layer of the Equus Beds aquifer—Number 
is the average chloride concentration, in milligrams 
per liter

!(
!(

(

Average 2006–2012 chloride concentration 
in shallow groundwater wells in the 
approximate location exceed the U.S. 
Enviornmental Protection Agency’s 
national secondary drinking water 
regulations of 250 milligrams per liter

250

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)

A

Figure 13. Average chloride concentrations in and near the study area 2006–2012, south-central Kansas, for A, shallow wells and B, 
deep wells.



38  Water Quality of the Little Arkansas River and Equus Beds Aquifer Before and Concurrent with Large-Scale Artificial Recharge

R
E

N
O

 C
O

U
N

T
Y

H
A

R
V

E
Y

 C
O

U
N

T
Y

R
E

N
O

 C
O

U
N

T
Y

SE
D

G
W

IC
K

 C
O

U
N

T
Y

Burrton

Halstead

Hesston

Sedgwick

Buhler

Haven

Bentley

Mount
Hope

Newton

Valley
Center

135

Area of map in 
figure 14

97°25'97°30'97°35'97°40'97°45'
38°10'

38°05'

38°

37°55'

37°50'

¬«K96

£¤50

Little Arkansas River

Arkansas     River

Kisiwa Creek
RB-01

RRW-02

RRW-01

RRW-03

RRW-04

RB-02

250

250

250

250

250

36

5730 16

13 24

77

1472

40
88

1623
27

10
40

5560

5260

3054
142

28 120163
295411

19

76

26
8

6
611

6 8

8

< 5

6

< 5

8
7
9

< 5 6
6

9

< 5 6

< 5

6< 5

< 5

< 5 6

< 5
< 5

10

< 5

< 5
6

9

< 5

IW-36C
377

IW-35C
334

IW-37C
76

IW-38C
20

IW-32C
58

IW-30C
199 IW-34C

48

IW-31C
114

IW-33C
61

IW-28C
76

IW-27C
54

IW-29C
35

IW-25C
104

IW-24C
163

IW-26C
89

IW-19C
96

IW-23C
26

IW-22C
17IW-21C

125IW-20C
53

IW-18C
113

IW-14C
123

IW-17C
8

IW-16C
44

IW-15C
59IW-13C

125

IW-11C
6 IW-12C

71

IW-09C
60

IW-10C
20

IW-08C
1,120

IW-07C
7

IW-04C
150

IW-06C
< 5

IW-05C
183

IW-03C
< 5

IW-02C
6

IW-01C
< 5

9

129

167

68

12

315

176

6

106

96

441

68

72

113

127

960

100

1,100

62

1,900

380

20

755

1,350

3,950

2,350

175

38

14

< 5

< 5

95

7

3,630

260

2,800

830

< 5

6

85

1,640

6

6

589

11

201

11

6

6,420

3,410

1,680

24

< 5

16

28

102

23

205

111

1,100

379

1,720

110

687

574

61

118

1,450

139

661

338

1,210
1,410

1,200

922

< 5

< 5

147

Groundwater Management District No. 2  monitoring 
well in the deep layer of the Equus Beds 
aquifer—Number is average chloride concentration 
from 2006 to 2012, in milligrams per liter

23

6,420

50< 5

250

100

0 1 2 3 MILES

0 1 2 3 KILOMETERS

Average chloride concentration in the deep 
layer of the Equus Beds aquifer, 2006–2012, 
in milligrams per liter 

EXPLANATION

10

6

6

RRW-01
IW-01C

<5

Boundary of study area

Boundary of basin storage area

Boundary of the central part of 
the study area

" Phase I recharge location and 
site identifier

Phase II from 2010 to 2012

P

Phase I from 2006 to 2012

Index well and site identifier from 2006 to 2012

Monitoring well from 2006 to 2012

U.S. Geological Survey data collection site in the deep 
layer of the Equus Beds aquifer—Number is the 
average chloride concentration, in milligrams per 
liter

!(
!(

(

Average 2006–2012 chloride concentration 
in deep groundwater wells in the 
approximate location exceed the U.S. 
Enviornmental Protection Agency’s 
national secondary drinking water 
regulations of 250 milligrams per liter

250

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)

B

Approximate location 
of bedrock low 

(McPherson channel)

Figure 13. Average chloride concentrations in and near the study area 2006–2012, south-central Kansas, for A, shallow wells and B, 
deep wells.—Continued



Water Quality of the Equus Beds Aquifer and Little Arkansas River, 1995–2012  39

Approximate location 
of bedrock low 

(McPherson channel)

R
E

N
O

 C
O

U
N

T
Y

H
A

R
V

E
Y

 C
O

U
N

T
Y

Kisiwa Creek

£¤50

72

88

16
23

27

40
55

60

52

60

54

142
28

120163

76

8
6

6
11
6

8

8
< 5

6

< 5

87

9
< 5

66

9

< 5

6< 5
< 5< 5

< 5
< 5

Burrton

RB-01

RRW-02

RRW-01

RRW-03

RRW-04

RB-02

IW-18C
113

IW-14C
123

IW-13C
125

IW-09C
60

IW-08C
1,120

IW-04C
150 IW-05C

183

IW-02C
6

EB10C
9

EB11C
129

EB12C
167

EB13C
68

EB14C
12

EB15C
315

EB16C
176

EB17C
6

EB18C
106

EB19C
96

EB1B
441

EB20B
62

EB21A
< 5

EB242C
260

EB2C
589

EB3B
16

EB43C
205

EB44C
111

EB4B
1,720

EB56C
110

EB57B
687

EB58C
574

EB5B
61

EB7C
118

EB8C
1,450

EB9C
139

P26A
661

P27A
338

P28A
1,210

P29A
1,410

P30A
1,200

P31A
922

P32A
< 5

P35A
147

P32A
<5

97°36'97°38'97°40'97°42'97°44'

38°04'

38°02'

38°

37°58'

6,420

50

< 5

250

100

Average 1995–2005 (data from Zieglers and others, 2010)

Average 1982–984 (modified from Whittemore, 2007)

Average 2006–2012

0 1 2 MILES

0 1 2 KILOMETERS

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)

Average chloride concentration in the 
deep layer of the Equus Beds aquifer, 
2006–2012, in milligrams per liter 

Groundwater Management District No. 2  monitoring 
well in the deep layer of the Equus Beds 
aquifer—Number is average chloride concentration 
from 2006 to 2012, in milligrams per liter

88

6

6
RRW-01

IW-02C
6

Boundary of the central part of the study area

" Phase I recharge location and site identifier

Phase II from 2010 to 2012

P

Phase I from 2006 to 2012

Index well and site identifier from 2006 to 2012

Monitoring well from 2006 to 2012

U.S. Geological Survey data collection site in the deep 
layer of the Equus Beds aquifer—Number is the 
average chloride concentration, in milligrams per 
liter

!(
!(

(

Chloride concentration in deep groundwater 
wells in the approximate location exceed 
the U.S. Enviornmental Protection Agency’s 
national secondary drinking water 
regulations of 250 milligrams per liter

EXPLANATION

Figure 14. Changes in chloride concentration near Burrton, Kansas during 1982–2012.



40  Water Quality of the Little Arkansas River and Equus Beds Aquifer Before and Concurrent with Large-Scale Artificial Recharge

1982–1984 averages. The chloride increases in the south-
ernmost part of figure 14 during 2006–2012 likely represent 
enhanced chloride contributions to groundwater from the natu-
rally saline Arkansas River (fig. 13B; fig. 14), this is inferred 
from the direction of groundwater flow in the area (fig. 3). 

The injected water as part of ASR Phase I is expected to 
decrease the local groundwater gradient, and slow or impede 
the movement of the groundwater to the east. The eastward 
movement of the Burrton chloride plume is likely being 
slowed by a line of recharge locations associated with ASR 
Phase I; however, the line depicting average chloride concen-
trations in deep groundwater during 2006–2012 still advanced 
to less than one half mile from the central part of the study 
area (fig. 14). Additional evidence of the Burrton chloride 
plume impediment or dilution can be seen in the graph of 
chloride concentrations in deep well IW-05 and the amount 
of water recharged associated with ASR Phase I at RRW-03 
(fig. 15). The IW-05 nest is about 0.5 mi west of RRW-03. 
Chloride concentrations increased during 2001 through 2005 
at IW-05, followed by a period of annual fluctuations but little 
overall change in chloride concentrations during 2005 through 
2010. Full-scale artificial recharge began in 2007, indicat-
ing the non-increasing chloride concentrations during the 
2005 through 2010 period was likely in part due to artificial 
recharge. After 2010, chloride concentrations increased during 
the same period that there was minimal artificial recharge.

Nutrients

Nutrients such as nitrogen and phosphorus in water 
are closely related to agricultural activities because of their 
presence in fertilizers and animal waste. Nutrient-rich water 
from farms and feedlots can run off into streams or percolate 
into groundwater. Other sources of nutrients in water include 

wastewater treatment plants, sewage lagoons, domestic septic 
tanks (Ziegler and others, 1999, 2001), and the decomposi-
tion of organic matter. Nitrate in drinking water can cause 
adverse effects in humans. The EPA Federal MCL for nitrate is 
10 mg/L as nitrogen, which is the concentration above which 
methemoglobinemia, or blue baby syndrome, may occur in 
infants (U.S. Environmental Protection Agency, 2005).

Almost all (more than 99.6 percent) nitrate concentrations 
in water samples collected at the two surface water monitor-
ing sites on the Little Arkansas River from 1995 through 
2012 were less than the MCL of 10 mg/L for nitrate (table 3). 
Average nitrate concentration in water samples collected dur-
ing this period from the Little Arkansas River near Halstead, 
Kans., and near Sedgwick, Kans., was about 1 mg/L and 
ranged from 0.01 to 11.7 mg/L (table 3). The maximum nitrate 
concentration of 11.7 mg/L occurred at the site near Sedgwick, 
Kans. (table 3). 

Nitrate concentrations exceeded the MCL in water sam-
ples from 15.7 percent of the shallow IWs during 2001–2012 
(table 4). Nitrate concentrations exceeded the MCL in the 
shallow parts of the aquifer in the northern part of the study 
area between Burrton, Kans., and the Little Arkansas River, 
and in the southern part of the study area between Sedgwick, 
Kans., and the Arkansas River during 2006–2012 (fig. 16A). 
Nearly all nitrate concentrations in deep IWs were less than 
the MCL of 10 mg/L during 2001–2012 (table 4) and nitrate 
concentrations were less than 10 mg/L throughout the study 
area during 2006–2012 (fig. 16B). The highest average nitrate 
concentrations were in the southern part of study area south-
east of Bentley, Kans., and are associated with larger effective 
porosity (fig. 8). Nitrate from sewage lagoons, feedlots, and 
fertilizer runoff is more likely to increase concentrations in 
the shallow parts of the aquifer. Reductive conditions (ORP 
less than 50 mV) for microbial denitrification, which is the 
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conversion of nitrate to nitrogen gas, are unavailable in the 
shallow parts of the aquifer (fig. 10A). Locations with larger 
nitrate concentrations in shallow and deep groundwater likely 
were at least partly the result of more rapid percolation from 
agricultural land uses in areas of larger effective porosity 
(fig. 8) and geochemical controls, especially in deep ground-
water. Nitrate concentrations generally were smaller in deeper 
parts of the aquifer, which is likely a result of more reducing 
conditions indicated by smaller ORP values (fig. 10). Artificial 
recharge of oxygenated water could inhibit the denitrification 
process in previously reductive parts of the aquifer, potentially 
resulting in increased nitrate concentrations.

Trace Elements

Dissolved concentrations of trace elements of particular 
interest in this report include arsenic, iron, and manganese. 
Arsenic is a carcinogen, whereas iron and manganese pre-
cipitates can plug wells, and give water an undesirable taste 
and color. Infiltration of stream water or treated water into 
the Equus Beds aquifer by artificial recharge operations could 
affect dissolved arsenic mobility or could stimulate microbial 
activity, and cause iron and manganese precipitation from 
groundwater.

Arsenic
Although arsenic occurs naturally in clay layers associ-

ated with iron sulfide minerals (Hem, 1992), it is a health con-
cern in drinking water because it causes skin damage, affects 
the circulatory system, and increases cancer risk (U.S. Envi-
ronmental Protection Agency, 2005). The EPA Federal MCL 
for arsenic is 10 µg/L (U.S. Environmental Protection Agency, 
2009). Water samples collected from the Little Arkansas River 

near Halstead, Kans., and near Sedgwick, Kans., from 1995 
through 2012 had a median and average dissolved arsenic 
concentration of about 5 µg/L, which is one-half the MCL for 
arsenic of 10 µg/L (table 3). Dissolved arsenic concentrations 
ranged from less than 1 to 15.9 µg/L and exceeded the MCL in 
about 11 percent of the samples from the Little Arkansas River 
(table 3). 

Christensen and others (2003) developed regression 
models to compute dissolved arsenic concentrations in the 
Little Arkansas River based on streamflow. Using the previ-
ously developed models, computed dissolved arsenic concen-
trations as large as 24 µg/L occurred at the Sedgwick surface 
water monitoring site on the Little Arkansas River from 1999 
through 2012. The maximum computed arsenic concentra-
tion occurred during the summer of 2012 during substantially 
decreased streamflow after an extended drought. Gener-
ally, larger dissolved arsenic concentrations in stream water 
occurred during decreased streamflow when base flow to the 
stream was supplied from groundwater. In the Little Arkan-
sas River near Halstead, Kans., computed dissolved arsenic 
concentrations exceeded the MCL of 10 µg/L about 19 percent 
of the time and at the Little Arkansas River near Sedgwick, 
Kans., about 14 percent of the time (fig. 17). 

Dissolved arsenic concentrations exceeded 10 µg/L in 
water samples from 11.9 percent of the IWs in the shallow 
parts of the Equus Beds aquifer during 2001–2012 (table 4). 
Arsenic concentrations in water samples from the shal-
low parts of the aquifer generally were larger near the Little 
Arkansas River near Halstead, Kans., and the center of the 
study area, and, to a lesser extent, around Burrton, Kans., 
during 2006–2012 (fig. 18A). Average dissolved arsenic 
concentrations exceeded the MCL near Burrton, Kans., west 
of Sedgwick, Kans., and in an area extending diagonally 
to the southwest from near Halstead, Kans. (fig. 18A). One 
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ASR Phase II monitoring well (MW-3 shallow; fig. 7A) near 
Kisiwa Creek in the central part of the study area (fig. 1), had 
an average arsenic concentration of 31 µg/L (fig. 18A). The 
central part of the study area corresponds to the areas that had 
the most water-level recovery since 1993 (Hansen and others, 
2014; fig. 5).

Nearly 35 percent of water samples from deep IWs had 
dissolved arsenic concentrations that exceeded the MCL 
(table 4). Larger concentrations of arsenic in the deep parts 
of the aquifer occurred on the west side of the study area near 
Kisiwa Creek and on the eastern side of the study area along 
the Little Arkansas River (fig. 1, fig. 18B). Arsenic concen-
trations were smallest in the southern part of the study area 
along the Arkansas River. Ziegler and others (2010) identified 
a moderate to strong negative correlation (R2=0.63) between 
average ORP and average arsenic concentrations for all IWs, 
indicating larger dissolved arsenic concentrations were most 
common in areas with reducing conditions. Clay is a natural 
source of arsenic because arsenic can occur as an impurity 
in the mineral pyrite (Hem, 1992; Welch and others, 2000), 
which commonly occurs in clay. In reducing conditions, pyrite 
can get reduced, which can lead to the dissolution of arsenic 
resulting in increased concentrations of dissolved arsenic in 
water. The average ORP values of all IWs sites for 2007–2012 
(242 mV; table 5) has decreased by more than 17 percent rela-
tive to 2001–2006 average values (294 mV; table 5), which 
is of concern because of the potential for increased arsenic 
mobilization. 

Arsenic mobility generally is controlled by adsorp-
tion and desorption reactions, and solid-phase precipitation 
and dissolution reactions (Hem, 1992; Hinkle and Polette, 
1999; Smedley and Kinniburgh, 2002; McMahon and Cha-
pelle, 2008). These processes are affected by pH, oxidation/
reduction reactions, and the presence of competing anions, 
all of which could be altered as a result of artificial recharge 
activities. Arsenic adsorption to iron-oxide surfaces tends 
to decrease as pH increases, resulting in the mobilization of 
arsenic species; therefore, changes in pH of groundwater can 
promote adsorption or desorption of arsenic. Additionally, 
groundwater pH often naturally increases with time because of 
free hydrogen ion consumption during water-bedrock interac-
tion, especially in groundwater systems with long residence 
times. The oxidation state in which arsenic occurs has an 
important effect on the mobility and toxicity of arsenic. Arse-
nate (As5+; H2AsO4

-) is dominant under oxidizing conditions 
and pH values between 3 and 7, and arsenite (As3+; HAsO2) is 
dominant under more reducing conditions. 

Iron
Iron in water is derived from rocks and soils. Water 

containing excessive concentrations of iron is unpleasant to 
drink because of odor, metallic taste, and rusty color. The 
EPA Federal SMCL for iron is 300 µg/L (U.S. Environmental 
Protection Agency, 2009). At concentrations exceeding the 

SMCL, iron forms red oxyhydroxide precipitates in water that 
can stain laundry and plumbing fixtures, and cause corrosion. 
Iron becomes more soluble in water at low pH and low ORP 
values. Bacterial activity also may affect iron concentrations 
(Hem, 1992) and can be of particular concern in artificial 
recharge operations. The addition of oxygenated water could 
create favorable conditions for increased bacterial activity. In 
turn, increased biological activity can produce a biofilm that 
can clog well screens and decrease injection well efficiency 
(Schmidt and others, 2007).

Water samples collected from the Little Arkansas 
River near Sedgwick, Kans., had a median dissolved iron 
concentration of 16.1 µg/L, which is substantially smaller 
than the SMCL (table 3), whereas water samples from the 
Little Arkansas River near Halstead, Kans., had a median of 
9.7 µg/L (table 3). Samples with dissolved iron concentrations 
that exceeded the SMCL were collected from both surface 
water monitoring sites on the Little Arkansas River, but were 
exceeded in 8.0 percent of samples near Sedgwick, Kans., and 
2.8 percent of samples near Halstead, Kans. (table 3). Overall, 
dissolved iron concentrations at the two Little Arkansas River 
sites exceeded the SMCL in about 5 percent of the samples. 
Larger concentrations of iron likely were caused by colloids 
that passed through the 0.45-µm filters during sample process-
ing when sediment concentrations were larger. 

Dissolved iron concentrations exceeded the SMCL from 
37.2 and 44.6 percent of the samples from the IWs in the shal-
low and deep parts of the aquifer during 2001–2012, respec-
tively (table 4). Iron concentrations were as large as 40,700 
µg/L in the shallow part of the aquifer at well IW-20A and as 
large as 17,900 µg/L in the deep part of the aquifer. Dissolved 
concentrations of iron that exceeded 300 µg/L in the shallow 
and deep parts of the aquifer occurred mostly in the central 
and northwestern parts of the study area, and along the Little 
Arkansas River (fig. 19A; fig. 19B). 

Iron in the Equus Beds aquifer most likely occurs natu-
rally from the oxidation of pyrite (FeS2), which occurs in clay 
in the aquifer. Very large dissolved concentrations of iron 
(greater than 3,000 µg/L) in the shallow parts of the aquifer 
generally correspond with areas of larger water-level declines 
and subsequent recovery (fig. 4; fig. 19A). These larger 
concentrations likely were caused by oxidation of the aqui-
fer material during the drawdown period. After an increase 
in water levels, ferric oxyhydroxides that formed during the 
period of dewatering were likely reduced increasing dis-
solved iron in groundwater. These areas also had larger sulfate 
concentrations, which also indicated that pyrite oxidation 
occurred during the period of dewatering (fig. 11A). Previ-
ously published data by Hathaway and others (1981) docu-
mented dissolved iron concentrations larger than 1,500 µg/L 
in groundwater near Burrton, Kans., and Kisiwa Creek, and 
concentrations less than 50 µg/L occurred near the Arkansas 
River. Based on the data collected by Hathaway and others 
(1981) and this report, iron concentrations have not changed 
substantially in these areas during the past 30 years.
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Figure 19. Average dissolved iron concentrations in the study area, 2006–2012, south-central Kansas, in A, shallow wells and B, 
deep wells.
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Figure 19. Average dissolved iron concentrations in the study area, 2006–2012, south-central Kansas, in A, shallow wells and B, 
deep wells.—Continued
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Manganese
Manganese is another trace element that is commonly 

analyzed in water because of its tendency to deposit black 
oxide stains. Like iron, manganese originates from rocks and 
soil, but it is much less abundant than iron (Hem, 1992). The 
EPA Federal SMCL for manganese is 50 µg/L (U.S. Environ-
mental Protection Agency, 2009). At concentrations larger 
than the SMCL, consumers may notice a bitter metallic taste, a 
black to brown color, and black staining on plumbing fixtures 
(U.S. Environmental Protection Agency, 2005).

Dissolved manganese in water samples collected dur-
ing 1995 through 2012 at the two surface water monitoring 
sites on the Little Arkansas River near Halstead, Kans., and 
near Sedgwick, Kans., ranged from less than 1 to 1,140 µg/L, 
and had median concentrations of 70.1 µg/L and 36.1 µg/L, 
respectively, which exceeded and were near the SMCL 
(table 3). Manganese concentrations exceeded the SMCL 
in 54.9 percent of water samples collected from the Little 
Arkansas River near Halstead, Kans., and 45.6 percent near 
Sedgwick, Kans. (table 3). 

Dissolved manganese concentrations exceeded the SMCL 
in water samples from 54.6 percent of the IWs in the shallow 
parts of the Equus Beds aquifer in the study area, and median 
concentrations were 82.0 µg/L during 2001–2012 (table 4). 
In shallow parts of the aquifer, almost all of the central and 
northern parts of study area had average dissolved manga-
nese concentrations that exceeded 50 µg/L during 2006–2012 
(fig. 20A). Average dissolved manganese concentrations larger 
than 500 µg/L were detected near Burrton, Kans., in a large 
area about 5 mi southwest of Halstead, Kans., and areas near 
the Little Arkansas River (fig. 20A). 

Dissolved manganese concentrations exceeded the SMCL 
in water samples from 91.8 percent of the IWs in the deep 
parts of the aquifer (table 4). A dissolved manganese concen-
tration of 1,480 µg/L was the largest from the deep parts of the 
aquifer. Most of the study area had average dissolved manga-
nese concentrations that exceeded 50 µg/L in water from deep 
wells (fig. 20B). Average dissolved manganese concentrations 
exceeded 500 µg/L in water from the deep parts of the aquifer 
in a large area in the center of the study area, near Burrton, 
Kans., near Sedgwick Kans., and near Halstead, Kans. 
(fig. 20B). 

Organic Compounds

Many of the organic compounds detected in surface 
water and groundwater in the study area are chemicals used in 
agricultural pesticides and herbicides. These compounds enter 
streams or slowly infiltrate into the aquifer from the applica-
tion on fields, or through irrigation return flow and surface 
runoff. Atrazine is an herbicide commonly used on corn and 
sorghum, which are crops commonly grown in the study area. 
Atrazine can cause cardiovascular system or reproductive 
problems in humans (U.S. Environmental Protection Agency, 
2009). The EPA Federal MCL in drinking water for atrazine is 

3.0 µg/L as an annual average (U.S. Environmental Protection 
Agency, 2009). 

Ziegler and others (1999) identified that atrazine made up 
81 percent of the triazine compound concentrations detected 
in Little Arkansas River samples by using the enzyme-linked 
immunosorbent assay (ELISA) method. Therefore, dissolved 
triazine compounds detected by ELISA will be referred to 
as atrazine concentrations. Atrazine was detected in about 
98 percent of the surface water samples collected for this study 
and exceeded 3.0 µg/L in about 33 percent of the samples 
analyzed for triazine herbicides (table 3). Average rather than 
median concentrations of atrazine are discussed in this report 
to facilitate a direct comparison of measured and computed 
atrazine concentrations to the MCL, which is defined as an 
annual average. 

The summary of concentrations of atrazine in surface 
water samples collected from 1995 through 2012 at the two 
monitoring sites on the Little Arkansas River had an average 
concentration of 3.4 µg/L, which exceeded the MCL (table 3). 
The average atrazine concentrations were 2.4 µg/L near 
Halstead, Kans., and 3.7 µg/L near Sedgwick, Kans. (table 3). 
Atrazine concentrations larger than the MCL of 3.0 µg/L gen-
erally occur in the Little Arkansas River during late spring to 
early fall. Regression models for computing concentrations of 
atrazine in the Little Arkansas River were previously devel-
oped by Christensen and others (2003) using specific conduc-
tance measurements in the stream and day of year. Duration 
curves of computed atrazine concentrations exceeded the MCL 
of 3.0 µg/L about 24 percent of the time from 1999 through 
2012 in the Little Arkansas River near Halstead, Kans., and 
28 percent of the time near Sedgwick, Kans. (fig. 21).

Alachlor, which is an herbicide used to control weeds in 
soybeans, was the only organic compound other than atrazine 
that was frequently detected (about 61 percent) in surface 
water samples. Only 2.4 percent of the samples were above 
levels exceeding the EPA Federal drinking-water criterion 
of 2 µg/L for alachlor (table 3; U.S. Environmental Protec-
tion Agency, 2009). Dissolved concentrations of alachlor in 
the Little Arkansas River near Halstead, Kans., were as large 
as 28 µg/L (table 3). Alachlor was infrequently detected in 
groundwater samples, and of the samples with detections, 
none approached the MCL (table 4). The only other organic 
compound with a Federal MCL that was detected more than 
5 percent of the time in groundwater was bis(2-ethylhexyl) 
phthalate, and of the detections the average (4.8 µg/L) was 
near the MCL of 6 µg/L (available online at: http://ks.water.
usgs.gov/equus-water-quality, June 2014). Bis(2-ethylhexyl) 
phthalate is a plasticizer used in polyvinyl chloride ([PVC]; 
U.S. Environmental Protection Agency, 2009), which indicates 
the detections are likely from the PVC well material.

The relation between ELISA triazine compound analy-
sis and atrazine concentrations is not defined in groundwa-
ter in the study area (Ziegler and others, 2010), therefore, 
groundwater atrazine concentrations discussed hereafter were 
determined by gas chromatography–mass spectrometry (GC–
MS). In groundwater, the percentage of samples with atrazine 

http://ks.water.usgs.gov/equus-water-quality
http://ks.water.usgs.gov/equus-water-quality
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Figure 20. Average dissolved manganese concentrations in the study area, 2006–2012, south-central Kansas, in A, shallow wells 
and B, deep wells.
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Figure 20. Average dissolved manganese concentrations in the study area, 2006–2012, south-central Kansas, in A, shallow wells 
and B, deep wells.—Continued
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detections ranged from 26.0 percent in deep IWs to about 
57.0 percent in water from shallow IWs during 2001–2012, 
which indicates infiltration from field applications (table 4). 
Average atrazine concentrations were less than 0.1 µg/L in the 
shallow and deep IWs, and no samples exceeded the Federal 
MCL (table 4). Similar to the general groundwater concentra-
tions of atrazine, ASR Phase I monitoring wells resulted in 
atrazine detections in 50.0 percent of samples from shallow 
wells and 33.6 percent of samples from deep wells (table 4). 
The largest atrazine concentration in the IW network during 
2001–2012 was 1.4 µg/L in water from IW-04A, which is near 
the North Branch Kisiwa Creek (fig. 7A; fig. 1). 

Bacterial and Viral Indicators

Measuring the concentrations or densities of bacterial 
indicators and viruses in water is challenging because these 
organisms depend on specific conditions for growth. Addition-
ally, the presence of bacteria and viruses in water is affected 
by runoff into waterways; therefore, sampling must quantify 
concentrations during storm runoff to describe the variability 
in surface water. 

To indicate the presence of disease-causing organisms 
in water, a bacterial indicator such as coliform is measured. 
Fecal coliform and E. coli are two types of coliform indicator 
bacteria that come only from the intestines and waste material 
of homeothermic animals. E. coli are a specific type of fecal 
coliform. They are carried into water from septic systems, 
sewer pipes, wastewater treatment plants, farms, and yards. 
The presence of fecal coliform and E. coli indicates that water 
may be contaminated with human or animal wastes, and may 
indicate that other harmful bacteria or viruses are present 
(Dufour and others, 1981; Dufour, 1984). These bacteria 
indicate the potential for pathogens that may cause diarrhea, 
nausea, headaches, and abdominal cramps, and may pose a 

special health risk for infants, young children, and people with 
compromised immune systems (U.S. Environmental Protec-
tion Agency, 2009).

Total Coliform 

The EPA Federal MCL in drinking water for total coli-
form bacteria is that no more than 5 percent of samples test 
positive during 1 month for water systems that collect at least 
40 routine samples per month (U.S. Environmental Protec-
tion Agency, 2009). If fewer than 40 samples are collected per 
month, only 1 sample can test positive for total coliform (U.S. 
Environmental Protection Agency, 2009). The EPA Federal 
maximum contaminant level goal (MCLG) in drinking water 
for total coliform bacteria is 0 colonies per 100 milliliters 
(col/100 mL). 

The median total coliform density of 1,700 col/100 mL 
for water samples collected from 1995 through 2012 at the 
Little Arkansas River near Sedgwick, Kans. (table 3), was 
substantially larger than the MCLG for drinking water for 
total coliform of 0 col/100 mL. Similarly, the median total 
coliform density at the Little Arkansas River at Highway 50 
near Halstead, Kans. was 1,350 col/100 mL (table 3). About 
95 percent of the samples collected from the two sites on the 
Little Arkansas River had total coliform detections. Coliform 
detections in water samples collected from the Little Arkansas 
River during this period were as large as 2,000,000 col/100 
mL near Halstead, Kans., and as large as 9,000,000 col/100 
mL near Sedgwick, Kans. (table 3). Large detections in surface 
water likely resulted from municipal wastewater discharge or 
runoff from livestock-producing areas. These large bacterial 
indicator densities are typical in central and eastern Kansas 
streams, especially during runoff conditions (Kansas Depart-
ment of Health and Environment, 2006a and 2006b). 
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Total coliform densities in groundwater were substan-
tially less than in samples from the Little Arkansas River 
(tables 3 and 4). Total coliform detections exceeded the EPA 
Federal MCLG of 0 colonies in water samples from 24.7 per-
cent of the shallow IWs and in 12.4 percent of the deep IWs 
in the Equus Beds aquifer during 2001–2012 (table 4). Many 
of these detections were in the first samples collected from the 
wells after they were developed, indicating that at least some 
of these detections may be related to drilling. Almost all wells 
sampled for this study had at least one sample with a total 
coliform detection; however, the median densities for most 
of these wells were less than 1 col/100 mL (table 4). No areal 
distribution pattern was identified for total coliform detections 
in groundwater samples from the study area. 

Fecal Coliform
No EPA Federal drinking-water criterion for fecal 

coliform bacteria has been established for drinking water; 
however, the State of Kansas established recreational-use 
guidelines for water in Kansas streams of 200 col/100 mL for 
primary contact (swimming) during April 1 through October 
31 of each year, and 2,000 col/100 mL for primary contact 
during the rest of the year and for secondary contact (boating 
or wading; Kansas Department of Health and Environment, 
2001). 

During 1995 through 2012, the median fecal coliform 
densities in water samples collected from April through 
October were 884 col/100 mL for the Little Arkansas River 
site near Halstead, Kans., and 900 col/100 mL for the site near 
Sedgwick, Kans., while the median densities from November 
through March were 120 col/100 mL for both sites (table 3). 

About 78 percent of the samples collected from the Little 
Arkansas River for April through October exceeded the crite-
rion, and about 14 percent of the samples collected exceeded 
the criterion during November–March during 1995 through 
2012 (table 3). 

Regression models developed by Rasmussen and Ziegler 
(2003) were used to compute densities of fecal coliform 
bacteria at the two surface water sites. Duration curves for 
the Little Arkansas River near Halstead, Kans., show that 
computed fecal coliform concentrations exceeded the primary 
contact recreational criterion about 70 percent of the time and 
exceeded the secondary contact recreational criterion about 
15 percent of the time (fig. 22). At the Little Arkansas River 
near Sedgwick, Kans., computed fecal coliform concentra-
tions exceeded the primary contact recreational criterion about 
52 percent of the time and exceeded the secondary contact 
recreational criterion about 12 percent of the time (fig. 22). 

The fecal coliform criterion does not apply to ground-
water. Fecal coliform bacteria were rarely detected in water 
from IWs (table 4). Fecal coliform detections in IWs may be 
related to drilling activities because the only detections gener-
ally occurred shortly after wells were completed. Indicator 
bacteria that reach groundwater are not viable because they 
require dissolved oxygen, and there is little dissolved oxygen 
in groundwater.

Escherichia coli Bacteria
E. coli is a specific type of fecal coliform bacteria. 

There also is no EPA Federal drinking-water criterion for E. 
coli bacteria; however, in 2004 the State of Kansas estab-
lished surface water recreational-use criteria. The criteria for 

Figure 22. Duration curves of 
computed fecal coliform bacteria 
densities, 1999–2012, Little 
Arkansas River near Halstead 
and near Sedgwick, Kansas.
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publicly accessible (Class B) Kansas streams with flows of 
at least 1 cubic foot per second (ft3/s) require that the geo-
metric mean of at least five samples collected during separate 
24-hour periods within a 30-day period not exceed 262 colony 
forming units per 100 milliliters (CFU/100 mL) for primary 
contact during April 1 through October 31 of each year and 
2,358 CFU/100 mL for primary contact during the rest of 
the year. For secondary contact, the geometric mean should 
not exceed 2,358 CFU/100 mL at any time of year (Kansas 
Department of Health and Environment, 2004). For the pur-
poses of this report, CFU/100 mL are considered equivalent to 
colonies per 100 mL.

Median E. coli bacteria densities in water samples col-
lected during 1995 through 2012 at the Little Arkansas River 
near Halstead, Kans., were 1,020 col/100 mL for April through 
October and 108 col/100 mL for November through March 
(table 3). Median E. coli bacteria densities in water samples 
collected during 1995 through 2012 at the Little Arkansas 
River near Sedgwick, Kans., were 1,070 col/100 mL for April 
through October and 206 col/100 mL for November through 
March (table 3). Of the samples collected from the Little 
Arkansas River during 1995 through 2012, about 76 percent 
of those collected during April–October exceeded the public-
access primary contact standard for E. coli of 262 col/100 
mL. About 16 percent of the samples collected from the Little 
Arkansas River during November through March exceeded the 
public-access primary and secondary standard for E. coli of 
2,358 col/100 mL (table 3). 

Densities of E. coli bacteria were computed using con-
tinuous measurements of turbidity in streams (Rasmussen 
and Ziegler, 2003). The Little Arkansas River near Halstead’s 
computed E. coli concentrations exceeded the public-access 
primary contact recreational criterion about 55 percent of 
the time and exceeded the public-access secondary contact 
recreational criterion about 10 percent of the time during 
1999 through 2012 (fig. 23). At the Little Arkansas River near 
Sedgwick, Kans., during 1999 through 2012, computed E. coli 
densities exceeded the public-access primary contact recre-
ational criterion about 41 percent of the time and exceeded the 
public-access secondary contact recreational criterion about 
10 percent of the time (fig. 23). Computed E. coli data and 
regression models are available online at http://nrtwq.usgs.
gov/ks/. The recreational-use criteria for E. coli do not apply 
to groundwater, and only a few groundwater samples analyzed 
for E. coli had detections that exceeded 1 col/100 mL (table 4).

Viral Indicators

Viral indicators Clostridium perfringens and E. coli 
coliphage were analyzed in water samples from the Little 
Arkansas River and selected groundwater samples. Clos-
tridium perfringens was detected at concentrations as much 
as 356 col/100 mL, and E. coli coliphage was detected at con-
centrations varying from 40 to 1,300 plaque forming units per 
100 mL (pfu/100 mL) in storm-water samples from the Little 
Arkansas River. These viral indicators were not detected in 
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any samples of groundwater. These data indicate that natural 
infiltration of water through the soil removes viral indicator 
organisms. (Ziegler and others, 2010).

Timeline of Water Quality at and Near Phase I 
Recharge Sites 

The water quality at and near Phase I recharge sites 
can be examined over the period before large-scale artificial 
recharge began to 2012 (figs. 24–29; table 4). Total coli-
form bacteria was the only constituent of concern that had a 
greater percentage of samples exceeding Federal criteria in 
ASR Phase I source water than in ASR Phase I shallow and 
deep monitoring wells (table 4). Nearly every total coliform 
bacteria detection was from the two recharge basin locations 
(RB-1 and RB-2), where diverted surface water was used 
for recharge. The average concentration of sulfate, chloride, 
arsenic, iron, and manganese in ASR Phase I source water 
samples was substantially lower than in ASR Phase I moni-
toring well samples (table 4), indicating that the mixing of 
artificial recharge water and background aquifer water will 
likely decrease the concentrations of these major ions and 
trace elements in groundwater. 

A timeline of concentrations of chloride, atrazine, and 
arsenic during 2002–2012 at ASR Phase I recharge monitoring 

sites is presented in figures 24–29. The recharge sites associ-
ated with Phase I artificial recharge include RRW-1, RRW-2, 
RWW-3, RRW-4, RB-1, and RB-2 (fig. 1). At RRW-1, the 
farthest north recharge site, chloride, atrazine, and arsenic 
concentrations are all less than their respective EPA drinking-
water criteria (fig. 24); artificial recharge had no quantifiable 
effect on chloride, atrazine, or arsenic concentrations. At 
RRW-2 and RRW-3 (figs. 25 and 26), all concentrations of 
chloride, atrazine, and arsenic were below criteria. RRW-4 
is the recharge well that is closest to the Burrton chloride 
plume (fig. 27). Chloride concentrations are less than the 
SMCL but are greater than the concentrations near the Phase 
I recharge wells to the north, and are increasing with time as 
the Burrton chloride plume moves southeast and east (fig. 14; 
fig. 27). Arsenic concentrations are also greater than at Phase I 
recharge wells to the north, as the MCL is exceeded in some of 
the wells, but does not appear to be increasing with time. Atra-
zine concentrations at RRW-4 remain well below the MCL 
levels. Increasing concentrations of chloride also is occurring 
at RB-1 (fig. 28) and RB-2 (fig. 29), but concentrations are 
still below the chloride SMCL. Arsenic concentrations exceed 
the MCL for the deep wells at RB-1, while several shallow 
wells exceed the MCL at RB-2. The arsenic concentrations do 
not appear to be increasing with time near any of the Phase I 
recharge wells.
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Figure 24. Chloride, atrazine, and arsenic concentration plots and recharge activity 
associated with RRW-1 during 2002 to 2012, south-central Kansas.
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Figure 25. Chloride, atrazine, and arsenic concentration plots during 2002 to 2012 and 
recharge activity associated with RRW-2, south-central Kansas.
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Figure 26. Chloride, atrazine, and arsenic concentration plots during 2002 to 2012 and 
recharge activity associated with RRW-3, south-central Kansas.



Water Quality of the Equus Beds Aquifer and Little Arkansas River, 1995–2012  59

Ch
lo

rid
e,

 m
ill

ig
ra

m
s 

pe
r l

ite
r

240

220

200

180

160

140

120

100

80

60

40

20

0

At
ra

zin
e,

 m
ic

ro
gr

am
s 

pe
r l

ite
r

3

2.75

2.5

2.25

2

1.75

1.5

1.25

1

0.75

0.5

0.25

0

Date

N
ov

 2
01

2

M
ay

 2
01

2

N
ov

 2
01

1

M
ay

 2
01

1

N
ov

 2
01

0

M
ay

 2
01

0

N
ov

 2
00

9

M
ay

 2
00

9

N
ov

 2
00

8

M
ay

 2
00

8

N
ov

 2
00

7

M
ay

 2
00

7

N
ov

 2
00

6

M
ay

 2
00

6

N
ov

 2
00

5

M
ay

 2
00

5

N
ov

 2
00

4

M
ay

 2
00

4

N
ov

 2
00

3

M
ay

 2
00

3

N
ov

 2
00

2

M
ay

 2
00

2

Ar
se

ni
c,

 m
ic

ro
gr

am
s 

pe
r l

ite
r

60

55

50

45

40

35

30

25

20

15

10

5

0

Artificial recharge period

Federal drinking-water criteria

Monitoring at recharge site
Shallow
Deep

Recharge site
Monitoring wells to west

Deep

Monitoring wells to south

Deep
Shallow

Monitoring wells to east
Shallow
Deep

Shallow

Monitoring wells to north

Deep
Shallow

EXPLANATION

Figure 27. Chloride, atrazine, and arsenic concentration plots during 2002 to 2012 and 
recharge activity associated with RRW-4, south-central Kansas.
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Figure 28. Chloride, atrazine, and arsenic concentration plots during 2002 to 2012 and 
recharge activity associated with RB-1, south-central Kansas.
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Figure 29. Chloride, atrazine, and arsenic concentration plots during 2002 to 2012 and 
recharge activity associated with RB-2, south-central Kansas.
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Summary and Conclusions
This report, prepared in cooperation by the U.S. Geo-

logical Survey and the city of Wichita, Kansas, summarizes 
Little Arkansas River (source-water for artificial recharge) 
and Equus Beds aquifer water quality before (1995–2006) and 
during (2007–2012) ASR Phase I recharge. Water quality in 
the Equus Beds aquifer was defined using samples collected 
at 38 areal assessment index well sites (IWs), 7 diversion well 
sites, 13 background wells, 9 Artificial Storage and Recovery 
prototype wells, and 66 Artificial Storage and Recovery Phase 
I and Phase II monitoring wells. Samples were analyzed for 
major ions, nutrients, trace metals, radionuclides, organic 
compounds, and bacterial and viral indicators. Federal and 
State drinking-water criteria were used to evaluate aquifer 
water quality.

Constituents of concern for artificial recharge are major 
ions (sulfate, chloride), nutrients (nitrate), trace elements 
(arsenic, iron, and manganese), triazine herbicides (atrazine), 
and fecal indicator bacteria. Water chemistry in surface water 
and groundwater is controlled by the geology of the underly-
ing bedrock and aquifer materials, the hydrologic (effective 
porosity) and geochemical (oxidation-reduction potential 
[ORP]) properties of the aquifer, and the effects of humans 
related to past oil and gas activities, and agriculture. 

Sulfate concentrations in water samples from the Little 
Arkansas River rarely exceeded the Federal secondary maxi-
mum contaminant level (SMCL) of 250 milligrams per liter 
(mg/L). Sulfate concentrations during 2001–2012 exceeded 
the SMCL in groundwater in 18.7 percent of the shallow IWs 
and in 12.9 percent of the deep IWs. Larger sulfate concentra-
tions were associated with parts of the aquifer with the largest 
water-level declines. Water-quality changes in the Equus Beds 
aquifer likely were caused by dewatering and oxidation of 
aquifer material that subsequently resulted in increased sulfate 
concentrations as water levels recovered. 

Primary sources of chloride to the Equus Beds aquifer are 
from past oil and gas activities near Burrton, Kans., naturally 
occurring saline water from the Arkansas River, municipal 
wastewater, industrial discharges, and mineralized water from 
the underlying Wellington Formation. Computed chloride 
concentrations during 1999–2012 in the Little Arkansas River 
near Halstead, Kans., exceeded the Federal SMCL of 250 
mg/L about 20 percent of the time (primarily during low-flow 
conditions). Chloride concentrations during 2001–2012 in 
groundwater exceeded the SMCL in 5.6 percent of the samples 
from the shallow IWs and 7.4 percent from the deep IWs, 
primarily near Burrton, Kans., and along the Arkansas River. 
The downward and horizontal migration of chloride is con-
trolled by the hydraulic gradient in the aquifer, dispersion of 
chloride, and discontinuous clay layers that can inhibit further 
downward migration. The eastward movement of the Burrton 
chloride plume is likely being slowed by a line of recharge 
locations associated with ASR Phase I; however, the line 
depicting average chloride concentrations in deep groundwater 

during 2006–2012 still advanced to less than one half mile 
from the central part of the study area. 

Nutrients, such as nitrate, are a water-quality con-
cern because of the predominant agricultural land use in 
the 189-square-mile study area. Almost all (more than 99.6 
percent) nitrate concentrations in water samples collected at 
the two surface water monitoring sites on the Little Arkansas 
River from 1995 through 2012 were less than the Federal max-
imum contaminant level (MCL) of 10 mg/L for nitrate. Nitrate 
concentrations in groundwater samples during 2001–2012 
exceeded the MCL in 15.7 percent of the shallow IWs. Nitrate 
concentrations were minimal in the deeper parts of the aquifer 
because of chemically reducing conditions. Increased nitrate 
concentrations in shallow and deep groundwater likely were 
partly controlled by larger effective porosity in these same 
areas, which allows for more rapid percolation from agricul-
tural land uses. 

Several trace elements frequently exceeded drinking-
water criteria, including arsenic, iron, and manganese. 
Computed arsenic concentrations in the Little Arkansas River 
at Highway 50 near Halstead, Kans., during 1999–2012 
exceeded the Federal MCL of 10 micrograms per liter (µg/L) 
about 19 percent of the time, primarily during low-flow condi-
tions. In shallow groundwater, arsenic concentrations during 
2001–2012 exceeded the MCL in 11.9 percent of the IW sam-
ples, whereas for the deep IW samples, arsenic concentrations 
exceeded the MCL in 34.6 percent of the samples. Average 
arsenic concentrations exceeding the MCL in the shallow parts 
of the aquifer generally were located near Halstead, Kans., and 
the central part of the study area. The central part of the study 
area corresponds to the areas that had the most water-level 
recovery since 1993. Larger arsenic concentrations in deep 
wells were most common in areas with reducing conditions 
where ORP was less than 250 millivolts.

Other dissolved trace elements of concern in the study 
area were iron and manganese, which exceeded the U.S. Envi-
ronmental Protection Agency Federal SMCL in surface and 
groundwater. In the Little Arkansas River during 1995–2012, 
dissolved iron concentrations exceeded the SMCL of 300 
µg/L in only about 5 percent of the samples, and manganese 
concentrations exceeded the SMCL of 50 µg/L in about half 
the samples. In the shallow IWs during 2011–2012, iron 
concentrations exceeded the iron SMCL in 37.2 percent of the 
samples. Manganese concentrations in shallow IWs exceeded 
manganese SMCL in 54.6 percent of the samples. In deep 
IWs, iron concentrations exceeded the iron SMCL in 44.6 per-
cent of the samples, and manganese concentrations exceeded 
the manganese SMCL in 91.8 percent of samples. Areas with 
largest concentrations of iron and manganese corresponded to 
areas with largest water-level declines that have subsequently 
recovered and the areas with the more chemically reducing 
conditions. 

The areal distribution of larger dissolved arsenic, iron, 
and manganese concentrations were similar. Larger naturally-
occurring concentrations of arsenic, iron, and manganese in 
groundwater are associated with more reducing conditions, 
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areas where more clay is present in the aquifer material, and 
areas that had large water-level declines and subsequent recov-
ery. Effects of artificial recharge on natural dissolved concen-
trations of arsenic in the aquifer potentially can be minimized 
by maintaining the ORP as near 1995–2012 baseline condi-
tions as possible. However, in many areas of the aquifer, 
especially the deeper parts, the natural geochemical conditions 
are conducive to large arsenic concentrations. It may be pos-
sible to use artificial recharge of oxygenated water to create a 
less reducing geochemical environment, which could decrease 
the concentrations of dissolved arsenic and iron in the aqui-
fer but could also increase nitrate concentrations, which may 
potentially create a general improvement of the overall aquifer 
water quality. 

Atrazine was the most commonly detected organic 
compound in the study area. The Federal MCL for atrazine 
in drinking water is an annual average of 3 µg/L. Computed 
concentrations of atrazine in the Little Arkansas River near 
Sedgwick, Kans., during 1999–2012 exceeded the Federal 
MCL value of 3.0 µg/L about 28 percent of the time, mostly 
during the late spring to early fall. Atrazine was detected in 
57.0 percent of the samples collected from shallow wells, 
which indicates infiltration from field applications to the shal-
low groundwater, but all concentrations were much less than 
the MCL. 

Large concentrations of coliform bacterial indicators 
(total coliform, fecal coliform, and Escherichia coli) were 
detected in all water samples from the Little Arkansas River. 
These large bacterial indicator densities are typical in central 
and eastern Kansas streams, especially during runoff condi-
tions. Total coliform detections during 2001–2012 exceeded 
the U.S. Environmental Protection Agency Federal maximum 
contaminant level goal of 0 colonies in water samples from 
24.7 percent of the shallow IWs and in 12.4 percent of the 
deep IWs. Many of these detections were in the first samples 
collected from the wells after they were developed, indicating 
that at least some of these detections may be related to drilling. 
Almost all wells sampled for this study had at least one sample 
with a total coliform detection; however, the median densities 
for most of these wells were less than 1 colony per 100 mil-
liliters. Viral indicators (Clostridium perfringens and Esch-
erichia coli coliphage) were present in samples from the Little 
Arkansas River during storm runoff but were not detected in 
any samples of groundwater. These data indicated that natural 
infiltration of water through the soil removes bacterial and 
viral indicator organisms. 

Surface water and groundwater quality is controlled by 
underlying bedrock geology and aquifer material, aquifer 
hydraulic permeability (porosity) and geochemical (ORP, pH) 
properties, and human-related effects of agricultural and past 
oil and gas activities. When the proposed full-scale artificial 
recharge of the Equus Beds aquifer is implemented, changes 
in concentrations of water-quality constituents are expected. 
Increased water levels from artificial recharge are expected to 
slow saltwater migration from the northwest and south of the 

study area, potentially limiting further chloride migration and 
improving the quality of water in the aquifer. Continued moni-
toring and interpretation of these recharge water-quality data 
relative to drinking-water criteria will provide critical informa-
tion that can be used by water managers to verify the preserva-
tion of the quality of water in the Equus Beds aquifer. 

Constituents and physical properties of interest for each 
of the shallow and deep IWs include arsenic, chloride, iron, 
manganese, nitrite plus nitrate, ORP, specific conductance, and 
sulfate. As a group, all constituents of interest except chloride, 
arsenic, and ORP had average values increase from the 2001 
to 2006 period to the 2007 to 2012 period in the IW network. 
Iron concentration increases are likely linked to decreases 
in ORP. Average concentration increases of constituents of 
interest and ORP decreases from 2006 to 2012 is likely linked 
to drought conditions during 2010–2012. Lower precipitation 
amounts limit diluting effects of new-water recharge. 

Recharge activities at Phase I recharge wells have not 
resulted in substantial effects on groundwater quality in the 
area because the amount of water recharged is relatively small 
(1 billion gallons) compared to the aquifer storage volume 
(greater than 990 billion gallons in winter 2012). Water-quality 
constituents of concern outlined here have not increased 
substantially and are likely more affected by climatological 
(natural recharge by precipitation) and natural processes (geo-
chemical oxidation/reduction, metabolic and decay rates) than 
artificial recharge. Arsenic remains a water-quality constituent 
of concern because of natural and continued persistence of 
concentrations exceeding the Federal MCL of 10 µg/L, espe-
cially in deeper parts of the Equus Beds aquifer. 
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Appendix 1.

Table 1–1.  Data-collection sites for Equus Beds Groundwater Recharge Project, south-central 
Kansas, 1995–2012. Available online at http://pubs.usgs.gov/sir/2015/5023/downloads/table1.1.xlsx.

Figure 1–1. Graph showing median relative percentage differences for replicate samples collected 
during 1995–2004 (from Ziegler and others, 2010) and 2005–2012 that exceeded 10 percent. All 
other constituents had less than 10-percent difference. Available online at http://pubs.usgs.gov/
sir/2015/5023/downloads/figures1.1_1.2.xlsx.

Figure 1–2. Graph showing detection frequency of water-quality constituents in blank samples 
collected during 1995–2004 (from Ziegler and others, 2010) and 2005–2012. All other constituents were 
detected in less than 1 percent of blank samples. Available online at http://pubs.usgs.gov/sir/2015/5023/
downloads/figures1.1_1.2.xlsx.
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