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Conversion Factors 
Inch/Pound to SI 

Multiply By To obtain 

Length 

foot (ft) 0.3048 meter (m) 

mile (mi) 1.609 kilometer (km) 

Area 

acre 4,047 square meter (m2) 

acre 0.004047 square kilometer (km2) 

square foot (ft2) 929.0 square centimeter (cm2) 

square foot (ft2) 
square mile (mi2) 

 0.09290 
2.590 

square meter (m2) 
square kilometer (km2) 

Volume 

acre-foot (acre-ft)    1,233 cubic meter (m3) 

barrel (bbl), (petroleum,  
1 barrel=42 gal) 
cubic foot (ft3) 

0.1590 
 

0.02832 

cubic meter (m3) 
 
cubic meter (m3) 

Flow rate 

foot per year (ft/yr) 
acre-foot per day (acre-ft/d) 

0.3048 
0.01427 

meter per year (m/yr) 
cubic meter per second (m3/s) 

acre-foot per year (acre-ft/yr)   1,233 cubic meter per year (m3/yr) 

acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year 
(hm3/yr) 

cubic foot per second (ft3/s)  0.02832 cubic meter per second (m3/s) 

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

Density 

pound per cubic foot (lb/ft3) 16020 milligram per liter (mg/L) 

Hydraulic conductivity* 

foot per day (ft/d)  0.3048 meter per day (m/d) 

Hydraulic gradient 

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

Mass 

ton 907.2 kilogram (kg)  
 
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 
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88) 
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83) 
Altitude, as used in this report, refers to distance above the vertical datum. 
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* Hydraulic conductivity: The standard unit for hydraulic conductivity is cubic foot per day per square foot [(ft3/d)/ft2]. In this 
report, the mathematically reduced form, foot per day (ft/d), is used for convenience. 
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Preliminary Simulation of Chloride Transport in the Equus 
Beds Aquifer and Simulated Effects of Well Pumping and 
Artificial Recharge on Groundwater Flow and Chloride 
Transport near the City of Wichita, Kansas, 1990 through 
2008 
By Brian J. Klager, Brian P. Kelly, and Andrew C. Ziegler 

Abstract 
The Equus Beds aquifer in south-central Kansas is a primary water-supply source for the city of 

Wichita. Water-level declines because of groundwater pumping for municipal and irrigation needs as 
well as sporadic drought conditions have caused concern about the adequacy of the Equus Beds aquifer 
as a future water supply for Wichita. In March 2006, the city of Wichita began construction of the 
Equus Beds Aquifer Storage and Recovery project, a plan to artificially recharge the aquifer with excess 
water from the Little Arkansas River. Artificial recharge will raise groundwater levels, increase storage 
volume in the aquifer, and deter or slow down a plume of chloride brine approaching the Wichita well 
field from the Burrton, Kansas area caused by oil production activities in the 1930s. Another source of 
high chloride water to the aquifer is the Arkansas River. This study was prepared in cooperation with 
the city of Wichita as part of the Equus Beds Aquifer Storage and Recovery project. 

Chloride transport in the Equus Beds aquifer was simulated between the Arkansas and Little 
Arkansas Rivers near the Wichita well field. Chloride transport was simulated for the Equus Beds 
aquifer using SEAWAT, a computer program that combines the groundwater-flow model MODFLOW-
2000 and the solute-transport model MT3DMS. The chloride-transport model was used to simulate the 
period from 1990 through 2008 and the effects of five well pumping scenarios and one artificial 
recharge scenario. The chloride distribution in the aquifer for the beginning of 1990 was interpolated 
from groundwater samples from around that time, and the chloride concentrations in rivers for the study 
period were interpolated from surface water samples. 

Five well-pumping scenarios and one artificial-recharge scenario were assessed for their effects 
on simulated chloride transport and water levels in and around the Wichita well field. The scenarios 
were: (1) existing 1990 through 2008 pumping conditions, to serve as a baseline scenario for 
comparison with the hypothetical scenarios; (2) no pumping in the model area, to demonstrate the 
chloride movement without the influence of well pumping; (3) double municipal pumping from the 
Wichita well field with existing irrigation pumping; (4) existing municipal pumping with no irrigation 
pumping in the model area; (5) double municipal pumping in the Wichita well field and no irrigation 
pumping in the model area; and (6) increasing artificial recharge to the Phase 1 Artificial Storage and 
Recovery project sites by 2,300 acre-feet per year. 
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The effects of the hypothetical pumping and artificial recharge scenarios on simulated chloride 
transport were measured by comparing the rate of movement of the 250-milligrams-per-liter-chloride 
front for each hypothetical scenario with the baseline scenario at the Arkansas River area near the 
southern part of the Wichita well field and the Burrton plume area. The scenarios that increased the rate 
of movement the most compared to the baseline scenario of existing pumping between the Arkansas 
River and the southern boundary of the well field were those that doubled the city of Wichita’s pumping 
from the well field (scenarios 3 and 5), increasing the rate of movement by 50 to 150 feet per year, with 
the highest rate increases in the shallow layer and the lowest rate increases in the deepest layer. The no 
pumping and no irrigation pumping scenarios (2 and 4) slowed the rate of movement in this area by 150 
to 210 feet per year and 40 to 70 feet per year, respectively. In the double Wichita pumping scenario (3), 
the rate of movement in the shallow layer of the Burrton area decreased by about 50 feet per year. 
Simulated chloride rate of movement in the deeper layers of the Burrton area was decreased in the no 
pumping and no irrigation scenarios (2 and 4) by 80 to 120 feet per year and 50 feet per year, 
respectively, and increased in the scenarios that double Wichita’s pumping (3 and 5) from the well field 
by zero to 130 feet per year, with the largest increases in the deepest layer. In the increased Phase 1 
artificial recharge scenario (6), the rate of chloride movement in the Burrton area increased in the 
shallow layer by about 30 feet per year, and decreased in the middle and deepest layer by about 10 and 
60 feet per year, respectively. Comparisons of the rate of movement of the simulated 250-milligrams-
per-liter-chloride front in the hypothetical scenarios to the baseline scenario indicated that, in general, 
increases to pumping in the well field area increased the rate of simulated chloride movement toward 
the well field area by as much as 150 feet per year. Reductions in pumping slowed the advance of 
chloride toward the well field by as much as 210 feet per year, although reductions did not stop the 
movement of chloride toward the well field, including when pumping rates were eliminated. If pumping 
is completely discontinued, the rate of chloride movement is about 500 to 600 feet per year in the area 
between the Arkansas River and the southern part of the Wichita well field, and 70 to 500 feet per year 
in the area near Burrton with the highest rate of movement in the shallow aquifer layer.  

The averages of simulated water-levels in index monitoring wells in the Wichita well field at the 
end of 2008 were calculated for each scenario. Compared to the baseline scenario, the average simulated 
water level was 5.05 feet higher for the no pumping scenario, 4.72 feet lower for the double Wichita 
pumping with existing irrigation scenario, 2.49 feet higher for the no irrigation pumping with existing 
Wichita pumping scenario, 1.53 feet lower for the double Wichita pumping with no irrigation scenario, 
and 0.48 feet higher for the increased Phase 1 artificial recharge scenario. 

The groundwater flow was simulated with a preexisting groundwater-flow model, which was not 
altered to calibrate the solute-transport model to observed chloride-concentration data. Therefore, some 
areas in the model had poor fit between simulated chloride concentrations and observed chloride 
concentrations, including the area between Arkansas River and the southern part of the Wichita well 
field, and the Hollow-Nikkel area about 6 miles north of Burrton. Compared to the interpreted location 
of the 250-milligrams per liter-chloride front based on data collected in 2011, in the Arkansas River area 
the simulated 250-milligrams per liter-chloride front moved from the river toward the well field about 
twice the rate of the actual 250-milligrams per liter-chloride front in the shallow layer and about four 
times the rate of the actual 250-milligrams per liter-chloride front in the deep layer. Future groundwater-
flow and chloride-transport modeling efforts may achieve better agreement between observed and 
simulated chloride concentrations in these areas by taking the chloride-transport model fit into account 
when adjusting parameters such as hydraulic conductivity, riverbed conductance, and effective porosity 
during calibration. 
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Results of the hypothetical scenarios simulated indicate that the Burrton chloride plume will 
continue moving toward the well field regardless of pumping in the area and that one alternative may be 
to increase pumping from within the plume area to reverse the groundwater-flow gradients and remove 
the plume. Additionally, the results of modeling these scenarios indicate that eastward movement of the 
Burrton plume could be slowed by the additional artificial recharge at the Phase 1 sites and that 
decreasing pumping along the Arkansas River or increasing water levels could retard the movement of 
chloride and may prevent further encroachment into the southern part of the well field area. 

Introduction  
The Equus Beds aquifer is a primary water-supply source for Wichita, Kansas, and the 

surrounding area because of shallow depth to water, large saturated thickness, and generally good water 
quality (Myers and others, 1996; Hansen and Aucott, 2003, Ziegler and others, 1999). From 1995 
through 2005, 31 to 49 percent of the city water supply was withdrawn from the aquifer (Ziegler and 
others, 2010). Substantial water-level declines in the Equus Beds aquifer resulted from pumping 
groundwater for agricultural and municipal needs since development of the Wichita well field (WWF) 
began in the 1940s; additionally, water levels decreased because recharge to the aquifer decreased 
during periodic drought conditions. The lowest water levels in the aquifer were recorded in October 
1992 and, in some locations, were as much as 50 feet (ft) lower than the predevelopment (1940) water 
levels (Hansen and Aucott, 2001, 2004, 2010; Hansen, 2007). These water-level declines caused 
concern about the adequacy of the aquifer as a future water supply for Wichita.  

Another concern about the city water supply is increases in dissolved solids, as indicated by 
increasing dissolved chloride concentrations (hereinafter referred to as chloride) caused by the migration 
of high chloride waters toward the WWF. Sources of chloride to the groundwater include the Arkansas 
River to the southwest of the WWF, oil-field brines that leaked from surface disposal pits and injection 
wells in and near the Burrton oil field (fig. 1), municipal wastewater treatment facility discharges, and 
mineralized water from the underlying Wellington Formation (Ziegler and others, 1999; Whittemore, 
2007). Declining water levels also may accelerate migration of oil-field brine from the Burrton oil field 
to the northwest of the WWF and water from the Arkansas River with elevated dissolved solids 
concentrations (southwest of the WWF) into the freshwater of the Equus Beds aquifer (fig. 1) (Hansen, 
2007). In March 2006, the city of Wichita began construction of the Equus Beds Aquifer Storage and 
Recovery (ASR) project, a plan to artificially recharge the aquifer with excess surface-water flow from 
the Little Arkansas River. The artificially recharged water will raise groundwater levels in the aquifer, 
which will increase the volume of water in the aquifer for later recovery and deter or slow movement 
into the WWF of the brine plume near Burrton, Kansas, and of the high chloride water in the Arkansas 
River. Phase 1 facilities for this project started operating in 2007 and have a treatment capacity of about 
7 million gallons per day (Mgal/d). Phase 2 facilities were completed in 2011 and started operating in 
2013. The combined treatment capacity for Phase 1 and 2 facilities is about 40 Mgal/d (Desilva and 
Ary, 2011).  

 



 

 4 

 

Figure 1. Map showing location of study area (modified from Kelly and others, 2013). 
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The WWF was developed in the Equus Beds aquifer during the 1940s and 1950s within the area 
labeled as Central Wichita well field in figure 1. As of 2008, 55 active production wells that provide 
about 40 percent of the water-supply for the city of Wichita were completed in the aquifer (Debra Ary, 
city of Wichita, oral commun., 2010). In 1965, the city of Wichita also began using water from Cheney 
Reservoir to supplement its supply from the Equus Beds aquifer. The proportion of the water obtained 
from Cheney Reservoir increased from 20 percent in 1965 to 44 percent in 1994, and during 1995 
through 2005, water from Cheney Reservoir provided 51 to 69 percent of Wichita’s water supply 
(Ziegler and others, 2010). The increased reliance on surface water from Cheney Reservoir was part of  
Wichita’s Integrated Local Water Supply Plan, implemented in 1993 (Wichita, 2013), and described in 
the Integrated Resource Plan in Warren and others (1995). The purpose of this plan was to ensure that 
the city water-supply needs are met through 2050 by promoting conservation, increasing water use from 
Cheney Reservoir, and decreasing reliance on water from city wells in the WWF. 

In October 2009, the U.S. Geological Survey (USGS), in cooperation with the city of Wichita 
and as part of the ASR project, began a study to determine groundwater flow in the area of the WWF 
and chloride transport from the Arkansas River and Burrton oil field to the WWF. The primary study 
area includes the Equus Beds aquifer near the city of Wichita supply wells and the Aquifer Storage and 
Recovery project Phase 1 and 2 artificial recharge areas. Data from existing groundwater-flow models 
(Spinazola and others, 1985; Myers and others, 1996; Pruitt, 1993) and 2008 lithologic and hydrologic 
data were used to construct a model to simulate groundwater flow in the Equus Beds aquifer (Kelly and 
others, 2013). 

Drought conditions during 2010 through 2013 and continued use of Cheney Reservoir to supply 
water to the city of Wichita lowered water levels in Cheney Reservoir by as much as 8.06 ft below the 
top of the conservation pool and reduced the amount of water available from the reservoir (U.S. 
Geological Survey, 2014a). In anticipation of continued drought, the city of Wichita has proposed 
increasing groundwater withdrawals and decreasing use of Cheney Reservoir to meet its water-supply 
needs. 

Increased pumping from the WWF will reduce groundwater levels locally and may increase the 
rate of chloride transport toward the WWF. Because of this concern, the effects of proposed changes to 
pumping from the WWF on chloride transport and groundwater flow and levels were assessed using the 
groundwater-flow model developed by Kelly and others (2013) with the addition of a chloride-transport 
simulation developed using the groundwater-flow and solute-transport model SEAWAT (Langevin and 
others, 2008).  

Purpose and Scope 
The purpose of the report is to describe the preliminary simulation of chloride transport (1990 

through 2008) in the Equus Beds aquifer between the Arkansas and Little Arkansas Rivers near the city 
of Wichita well field; compare simulated and observed chloride concentrations to help evaluate the 
calibration of the groundwater-flow and chloride-transport model and to evaluate areas of poor model 
fit; and last, present the effects of hypothetical well-pumping and artificial-recharge scenarios on the 
simulated chloride transport and groundwater levels. This report presents information that is part of a 
long-term cooperative study (since 1940) between the city of Wichita and the USGS to describe the 
water quantity conditions in the Equus Beds aquifer and the Little Arkansas River and, more recently 
(1995 to present), the potential effects of artificial recharge on water resources in south-central Kansas. 

The simulations of groundwater flow and chloride transport described in this report are based on 
a variable-density groundwater-flow and chloride-transport model of the Equus Beds aquifer. Input data 
for the groundwater flow are from a previously calibrated model (Kelly and others, 2013). Chloride data 
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used as model input were collected from 1985 through 2008 by the USGS and Equus Beds Groundwater 
Management District No. 2 (GMD2) as part of water-quality monitoring and the Equus Beds 
Groundwater Recharge Demonstration and ASR projects.  

As a purpose of this report, simulated effects of hypothetical well pumping and artificial 
recharge scenarios for 1990 through 2008 are evaluated. The effects of varying the magnitudes of 
municipal and irrigation well pumping on chloride transport and groundwater levels are evaluated for 
six scenarios in the study area:  

1. Existing pumping (1990 through 2008); 
2. Eliminating all pumping;  
3. Doubling the rate of the city of Wichita’s municipal-well pumping from the WWF with existing 

irrigation-pumping rates;  
4. Existing municipal-well pumping rates and eliminating irrigation pumping rates; 
5. Doubling Wichita’s municipal-well pumping rates from the WWF and eliminating irrigation-

pumping rates, and  
6. Increasing recharge at Phase 1 ASR project sites and not changing the existing pumping rates. 

This report also includes contour maps which allow comparisons of the simulated chloride fronts 
where chloride concentrations reach 250 milligrams per liter (mg/L) (referred to hereinafter as the 
chloride front) for each scenario for three model layers of the Equus Beds aquifer. A chloride 
concentration of 250 mg/L was used in the analysis because it is the U.S. Environmental Protection 
Agency Secondary Maximum Contaminant Level (SMCL) for chloride in public water supplies (U.S. 
Environmental Protection Agency, 2013). 

Description of Study Area 
The study area consists of 1,844 square miles in Harvey, Kingman, Marion, McPherson, Reno, 

Rice, and Sedgwick Counties in south-central Kansas (fig. 1). Most of the study area is within GMD2 
and includes the major cities of Hutchinson and Wichita (fig. 1). Smaller cities within the study area 
include Burrton, Halstead, Newton, Sedgwick, and Valley Center. The study area lies in the Arkansas 
River section of the Central Lowland physiographic province (Schoewe, 1949) and has little relief 
except for an area of sand dunes north and northeast of Hutchinson. The land slopes gently toward the 
major streams in the area (Schoewe, 1949). Land-surface altitudes range from 1,270 to 1,650 ft above 
the North American Vertical Datum of 1988 (NAVD 88) and generally slope from northwest to 
southeast. The two major rivers that flow through the area, the Arkansas and the Little Arkansas Rivers, 
flow from northwest to southeast.  

The study area has a continental climate with large variations in seasonal temperatures. 
Temperature extremes for the period of weather records at Wichita, Kansas range from more than 110 
degrees to less than -20 degrees Fahrenheit (oF). Temperatures above 90 oF occur on average for 63 days 
per year, whereas cold temperatures below 0 oF occur about 2 days per year (National Oceanic and 
Atmospheric Administration, 2008). Mean annual precipitation at Wichita is about 30 inches (in). Most 
precipitation occurs during spring and summer. More than 50 in. were recorded in the wettest years, 
whereas less than 15 in. of precipitation were recorded in the driest years (National Oceanic and 
Atmospheric Administration, 2008). 

The easternmost extension of the High Plains aquifer system consists of alluvial deposits of sand 
and gravel interbedded with clay or silt (Williams and Lohman, 1949), and is commonly referred to as 
the Equus Beds aquifer because Pleistocene-aged horse fossils are present in the aquifer. The Equus 
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Beds aquifer is unconfined in the study area (Spinazola and others, 1985) and is a substantial water-
supply for Wichita, Kansas and the surrounding area because of its shallow depth to water—as shallow 
as 10 feet (ft) near the Arkansas River. In this area, the aquifer has a saturated thickness of as much as 
250 ft (Myers and others, 1996; Hansen and Aucott, 2003) and generally has good water quality (Ziegler 
and others, 1999). The general direction of groundwater movement within the study area is to the east 
(Aucott and Myers, 1998).  

Sources of Chloride in the Study Area 
The Arkansas River contains high concentrations of chloride, much of which is probably from 

salt marshes along tributaries upstream from Hutchinson, Kansas (Williams, 1946). Chloride samples 
collected by the USGS and the Kansas Department of Health and Environment (KDHE) during 1990 
through 2008 at river sites in the model area commonly exceeded 500 mg/L and occasionally exceeded 
1,000 mg/L. When the river is losing water to the aquifer, these high chloride concentrations can 
infiltrate into the aquifer. As a result, the Arkansas River is one of the primary sources of chloride that 
affects the quality of groundwater near the WWF (Ziegler and others, 2010).  

Extensive salt deposits are commercially mined in the study area. Rock salt was first discovered 
in central Kansas in 1887 (Sawin and Buchanan, 2002). Several shaft mines and solution mines have 
been developed in Reno and Sedgwick Counties. In 2000, salt mines in Kansas produced 2,944,000 tons 
of rock salt, 75 percent of which is mined in Reno County (Bayne, 1956; Sawin and Buchanan, 2002).  

Additionally, oil and natural gas production is an important industry in the study area. 
Cumulative oil production in Harvey, Reno, and Sedgwick Counties is over 255 million barrels (bbl) 
and cumulative natural gas production is over 136 million Mcf (where one Mcf equals one thousand 
cubic feet) (Kansas Geological Survey, 2011). In the 1930s, an oil field was developed near the town of 
Burrton in western Harvey County. Brine, coproduced during oil production, was discharged to ponds; 
brine leaked into the ground and contaminated the aquifer. Before oil-field development, chloride 
concentrations in the groundwater from the Equus Beds aquifer generally were less that 50 mg/L 
(Whittemore, 2007). By 1948, chloride concentrations in the shallow parts of the aquifer around the 
Burrton oil field were greater than 250 mg/L because of contamination by oil-field brine (Whittemore, 
2007). 

Concern over deteriorating quality of groundwater in the aquifer because of high chloride 
concentrations led the Kansas Department of Agriculture – Division of Water Resources (KDA-DWR) 
to establish the Burrton Intensive Groundwater Use Control Area (IGUCA) in 1984. Applications for 
groundwater use within the IGUCA are reviewed for potential effects on water-level drawdowns and 
movement of a brine plume in the aquifer (Burrton Task Force, 1984). 

 

Previous Investigations 
Previous studies investigated chloride transport in the Equus Beds aquifer. Sophocleous (1984) 

developed a calibrated model of groundwater flow and a chloride-transport model, which indicated that 
the direction of movement of the brine plume from the Burrton area, hereinafter referred to as the 
“Burrton plume,” was to the southeast, toward the WWF. However, the simulations determined that 
water quality near the well field would not deteriorate because of high chloride concentrations by the 
year 2000. Spinazola and others (1985) used a two-dimensional, finite-difference, solute-transport 
model to simulate the effects that future groundwater withdrawals might have on the chloride 
concentrations in the aquifer from 1980 to 2020. They projected the effects of three pumping scenarios: 
(1) half of the 1971-79 pumping rates, (2) continued 1971-79 pumping rates, and (3) double the 1971-79 
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pumping rates. The increase in chloride concentration for all scenarios was proportional to the pumping 
rates. Chloride concentrations increased by 20 to 45 mg/L in the southern part of the WWF when the 
rates were decreased by one-half, and chloride concentrations increased by 90 to 450 mg/L in the 
southern part of the well field when the pumping rates doubled. Myers and others (1996) used a 
groundwater-flow model and a particle-tracking program to simulate movement of chloride between the 
Arkansas River and the Equus Beds aquifer and predicted a chloride load from the river to the aquifer 
would range from 110 to 200 tons per day (ton/d) by the year 2019. Particle-tracking simulations 
indicated chloride movement from the river into the aquifer and then groundwater would flow 
northward toward the WWF. 

Aquifer Storage and Recovery Project 
The purpose of the Equus Beds aquifer ASR project is to artificially recharge the aquifer with 

excess water from the Little Arkansas River to raise groundwater levels, increase storage volume in the 
aquifer for later use, and impede the movement of the Burrton plume toward the WWF (fig. 1). Stramel 
(1956, 1962a, 1962b, 1967) originally proposed to artificially recharge the Equus Beds aquifer with 
streamflow from runoff during periods of abundant precipitation. This artificially recharged water then 
could be used during periods of drought. Stramel (1956) also proposed using a variety of techniques to 
artificially recharge the aquifer, including water spreading, recharge pits or ponds, recharge wells, and 
induced recharge from streams by pumping. Additionally, Stramel (1962b) suggested investigation of 
the relation between streamflow or stage and water quality for the Arkansas River, Little Arkansas 
River, and Kisiwa Creek as sources for artificial recharge. Wichita’s Integrated Local Water Supply 
Plan (Wichita, 2013) also calls for investigation of the use of water from the Little Arkansas River 
(when streamflow is greater than base flow) to recharge the Equus Beds aquifer.  

The city of Wichita initiated the Equus Beds Groundwater Recharge Demonstration project in 
1995 to test artificial recharge as a method for increasing water supply and preventing water-quality 
degradation (Ziegler and others, 1999). Water from the Little Arkansas River was diverted at sites near 
the towns of Halstead and Sedgwick for the Equus Beds Groundwater Recharge Demonstration project 
(Ziegler and others, 1999; Schmidt and others, 2007). At the Halstead recharge site, water was pumped 
from bank storage wells near the Little Arkansas River and recharged to the aquifer through recharge 
basins, trenches, or injection wells. At the Sedgwick recharge site, water was recharged to the aquifer by 
withdrawing water from the Little Arkansas River, treating the water to decrease turbidity and total 
fecal-coliform bacteria and to remove organic compounds, and then putting the water in recharge basins 
where it could infiltrate into the aquifer. 

In March 2006, the city of Wichita followed up the success of the Equus Beds Groundwater 
Recharge Demonstration project by starting construction of the Equus Beds ASR project to artificially 
recharge the Equus Beds aquifer on a larger scale. Phase 1 of the ASR project was completed in 2006 
and large-scale artificial recharge of the aquifer began at the Phase 1 sites in March 2007. The Phase 1 
sites (fig. 2) use water from the Little Arkansas River—pumped directly from the river or from wells 
completed in the riverbank that indirectly pump from the river—as the source of artificial recharge to 
the Equus Beds aquifer. The water diverted from the Little Arkansas River and its alluvial aquifer for 
artificial recharge is allowed only when flows in the river are greater than minimums set by the State of 
Kansas (Kansas Department of Agriculture, Division of Water Resources, 2007). 

The city of Wichita receives recharge credits for aquifer storage volume increase because of 
artificial recharge. A basin storage area (BSA, fig. 1) divided into 38 smaller areas, called index cells 
(fig. 2), was defined by the city of Wichita, and groundwater-flow models have been used to calculate 
the recharge credits for each index cell (Burns and McDonnell, 2008, 2009; Kelly and others, 2013). 
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Recharge credits indicate the volume of water the city has recharged to the aquifer, the amount of water 
that moved between index cells, and the amount of water the city can remove at a later date from index 
cells that contain recharged water. For each index cell, the groundwater models were used to determine 
the effect of natural and artificial recharge, groundwater inflow and outflow, evaporation and 
transpiration, groundwater diversions from wells, infiltration and discharge to streams, calculated 
recharge credits, and surface water diversions. 

Geology 
The Equus beds consist of unconsolidated sand, silt, and gravel deposits that are located in the 

Arkansas River Lowlands and Wellington-McPherson Lowlands (Zeller, 1968) and are as much as 330 
ft thick in the study area (Kelly and others, 2013). Eolian deposits occur in the northern part of the study 
area adjacent to the Arkansas and Little Arkansas Rivers. The deposits are composed of well sorted, 
moderately well rounded, fine to medium sand and locally include clay and silt. 

The Equus Beds aquifer consists primarily of sand and gravel interbedded with clay or silt but 
locally may consist primarily of clay with thin sand and gravel layers (Lane and Miller, 1965a; Myers 
and others, 1996). The middle part of the beds generally has more fine-grained material than the deep 
and shallow parts (fig. 3) (Lane and Miller, 1965b; Myers and others, 1996); however, areas of high 
hydraulic conductivity exist in all parts of the aquifer. The Equus beds overlie the Wellington Formation 
which forms the confining units below the Equus beds.   

Surface Water 
Streams in the study area that are simulated in the groundwater-flow model are the Arkansas and 

Little Arkansas Rivers, and tributaries including Big Slough, Black Kettle, Blaze Fork, Bull, Chisholm, 
Cow, Cowskin, Emma, Gar, Jester, Kisiwa, Little Slough, Salt, Sand (there are two Sand Creeks – both 
are simulated), Slough, and Turkey Creeks (fig. 1). The major streams are hydraulically connected to 
the aquifer. Within the study area, the Arkansas River is hydraulically connected to the aquifer and, 
depending on streamflow, recharge, and well pumping, can be a gaining or a losing stream. The Little 
Arkansas River primarily is a gaining stream within the study area. The minor streams typically are 
gaining streams, but sometimes go dry if the groundwater level drops below the riverbed elevation. 

Hydrology and Groundwater Flow 
Groundwater flow in the Equus Beds aquifer is affected largely by the hydraulic properties of 

the aquifer material, areal recharge, well pumping, interactions with streams, and evapotranspiration. 
These processes and properties are described in detail in Kelly and others, (2013) and are summarized 
later in this report in the section “Description of the Groundwater-Flow Model.” 
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Figure 2. Map showing location of the Equus Beds Aquifer Storage and Recovery project. 
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Figure 3. Geologic sections for the Equus Beds aquifer in the study area. 

Recharge is variable reflecting differences in soil permeability and varies from 5 percent to 
about 32 percent of precipitation (Kelly and others, 2013). Assuming 30 in. of rainfall per year 
(National Oceanic and Atmospheric Administration, 2008), recharge to the aquifer in the study area 
based on these percentages would range from 1.5 to 10 in. per year.  

In 2008, 157 municipal production wells, 986 irrigation wells, and 104 industrial wells were in 
operation in the active-model area (figs. 1 and 4) (Kelly and others, 2013). In the study area, water 
pumped from the aquifer by production wells in 2008 was about 4,370,000 cubic feet per day (ft3/d), 
which is about 100 acre-feet per day (acre-ft/d) (Kansas Department of Agriculture - Division of Water 
Resources, unpub. data, 2009). From 1939 through 2008, total amount of water pumped (cumulative 
pumping) from the Equus Beds aquifer in the study area was estimated to be almost 273 billion cubic 
feet (ft3) (6.26 million acre-ft). Water withdrawal steadily increased from 1939 to 1991 and then 
stabilized from 1992 through 2008 to between 12 and 18 million ft3/d (275 to 413 acre-ft /d). Municipal 
and industrial withdrawal decreased but irrigation withdrawal increased from 1990 through 2008. 
Cumulative withdrawal and pumping rate for the Equus Beds aquifer by industrial, irrigation, 
municipal, artificial-recharge and artificial-withdrawal wells from 1939 through 2008 is shown in figure 
5.  



 

 12 

 

Figure 4. Map showing locations of industrial, irrigation, and municipal wells in the model area. 
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Figure 5. Graphs showing amount of water pumped or recharged from the Equus Beds aquifer by industrial, 
irrigation, municipal withdrawal, artificial recharge and artificial withdrawal from wells in the study area. (A), 
1939 through 2008. (B), 1990 through 2008. (C), cumulative-pumping rate 1939 through 2008. 
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Evapotranspiration from the water table removes water from the aquifer when the water table is 
near land surface and within the root zone of vegetation. Evapotranspiration is a combination of 
evaporation and uptake of water by plants and is greatest during the growing season. Evapotranspiration 
was estimated by Spinazola and others (1985) to be 3.5 inches per year. Total estimated 
evapotranspiration is about 24.7 million ft3/d or 568 acre-ft/d. The maximum rate of evapotranspiration 
was estimated for each year from 1990 through 2008 using the Hamon equation (Hamon, 1961; Alkaeed 
and others, 2006).   

Groundwater Levels 
Groundwater-level data have been collected periodically from more than 600 wells by the city of 

Wichita and GMD2 personnel using standard water-level measurement techniques that are similar to 
USGS methods described in Cunningham and Schalk (2011). Data collection began just before the 
beginning of city pumpage from the aquifer in 1940. During 2001 and 2002, 38 pairs of wells designed 
for use by the city to monitor water quality and water levels in the aquifer and any changes that might 
occur as a result of the ASR project were installed for the city of Wichita (Debra Ary, city of Wichita, 
written commun., September 25, 2009). These wells are index monitoring wells, and one pair of wells is 
located in each index cell of the BSA (fig. 2). 

The drought during the 1950s and groundwater pumpage from the aquifer near the WWF for 
municipal and agricultural use between 1940 and 1957 caused a substantial water-level decline near the 
WWF (Hansen and Aucott, 2003). Increased irrigation pumpage during the 1970s and 1980s caused 
further declines in groundwater levels (Myers and others, 1996; Aucott and Myers, 1998). Most of the 
water-level declines were caused by groundwater pumpage but the effects of climate on recharge also 
have affected water levels (Hansen and Aucott, 2003). However, groundwater levels in parts of the 
aquifer near the WWF (fig. 1) increased by more than 20 ft between 1992 and 2006 because of 
subsurface inflow, streamflow losses, and irrigation return flow (Kelly and others, 2013).  

Groundwater-Flow and Chloride-Transport Directions in the Equus Beds Aquifer 
Groundwater generally flows from west to east between the Arkansas and Little Arkansas River 

and flows from north to south in the area north of the Little Arkansas River. Groundwater withdrawals 
create localized cones of depression around each well or well field that may alter regional groundwater-
flow direction and cause groundwater to flow toward the wells. The groundwater-flow direction along 
most of the Arkansas River in the study area is to the southeast, generally parallel to the river. Near the 
WWF, the flow direction is more eastward, and has a northward component of flow in some areas, most 
likely because of water-level declines caused by pumping in the WWF (Hansen and Aucott, 2003). The 
direction of groundwater flow in and near the Burrton plume is to the southeast, toward the WWF. 

The west to east flow of groundwater between the Arkansas and Little Arkansas Rivers causes 
chloride (that has infiltrated from the Arkansas River) to move toward the well field. This movement 
combined with withdrawal from the Wichita well field and from nearby irrigation wells, has increased 
the hydraulic gradient toward the well field from surrounding areas. 

The oil-field brines that were disposed of near Burrton have moved downward into the middle 
part of the aquifer, but movement into the deep part has been slower because of clay layers. Chloride 
concentrations in the shallow part of the aquifer are diluted by recharge (precipitation), whereas in the 
deep part of the aquifer, chloride has moved laterally and downward because of the density contrast 
between the chloride and fresher waters (Whittemore, 2007).  

Some other possible factors affecting chloride transport in the model area include 
evapoconcentration, upwelling of saline water from the underlying Wellington Formation, and 
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continued leaching of oil-field brine from the vadose zone. Evapoconcentration occurs when water is 
removed from the aquifer through evapotranspiration; chloride remains and leaves a more concentrated 
solution. The existence of upwelling of saline water from the Wellington Formation has been well 
documented (Walters, 1978), but the locations and loading rates have not been well defined. Brine in the 
Burrton oil-field may still be in the unsaturated zone, and can percolate and infiltrate into the aquifer 
with recharge, but data and information about this type of transport are scarce. 

Methods Used to Simulate Groundwater Flow and Chloride Transport 
A detailed description of the groundwater-flow model is presented in Kelly and others (2013) 

and is summarized below. For this report, the computer software and the equations used to simulate 
chloride transport are presented and deviations from the groundwater-model input required for chloride-
transport simulation are discussed including deviations in the temporal discretization, initial-head 
distribution, the format for the well pumping input file, and use of effective porosity (the fraction of a 
volume of aquifer material that is composed of interconnected pore space and thus is available for fluid 
flow). Chloride sources and sinks are described and the techniques and data used to determine the initial 
distribution of chloride concentration are presented; locations of observed chloride concentrations are 
shown and analysis of chloride transport output and model limitations are discussed.  

Description of the Groundwater-Flow Model 
Groundwater flow was simulated for the Equus Beds aquifer using the three-dimensional finite-

difference groundwater-flow model MODFLOW (McDonald and Harbaugh, 1988; Harbaugh and 
others, 2000; and Harbaugh, 2005). The primary areas of interest include the Equus Beds aquifer near 
the city of Wichita supply wells and the areas around existing ASR Phase 1 and 2 artificial-recharge 
areas (fig 2). 

The groundwater-flow model simulates steady-state and transient conditions. For steady-state 
conditions, the model uses average hydrologic conditions from 1935 through 1939, and for transient 
conditions the model uses hydrologic conditions from 1935 through 2008. Hydrologic processes that 
were simulated in Kelly and others (2013) included recharge, evapotranspiration, streamflow gains and 
losses, flow into and out of lateral boundaries, and well pumping. 

The model accuracy (Kelly and others, 2013) was estimated using several methods. The root 
mean square (RMS) error between observed and simulated hydraulic head as well as observed and 
simulated streamflow gains or losses were calculated for each well and stream observation for the entire 
transient simulation. Model accuracy was increased by minimizing the RMS error during the calibration 
process. The RMS error measures the absolute value of the variation between observed and simulated 
hydraulic heads at control points or the variation between observed and simulated streamflow along 
stream reaches. The equation to calculate the RMS error is: 

RMS error = �𝑒1
2 + 𝑒22 + 𝑒32+ . . . 𝑒𝑛2

𝑛
                                        (1) 

where  e  is the difference between the observed and simulated values; and 
 n is the number of observations. 
 

The groundwater-flow model was calibrated by adjusting model-input data and model-geometry 
data until model results matched field observations within an acceptable level of accuracy. The RMS 
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error for all water-level observations for the steady-state calibration simulation was 9.82 ft. The ratio of 
the RMS error to the total-head loss in the model area was 4.9 percent. The mean error (observed minus 
simulated water levels) for 284 water-level observations was 3.86 ft. The difference between 
groundwater flow into and out of the model across all model boundaries (the volumetric budget) was -
0.08 percent of total flow for the steady-state calibration. 

The RMS error for all water-level observations for the transient calibration simulation was 2.48 
ft. The ratio of the RMS error to the total head loss in the model area was 1.24 percent. The mean error 
for all water-level observation wells used in the transient calibration simulation is 0.03 ft. Simulated 
water levels are similar to the observed long-term trends for all wells, which indicates adequate 
simulation of long-term changes to groundwater levels resulting from sustained stresses on the aquifer, 
such as overall rate of groundwater withdrawal, gains from and losses to streams, or long-term trends in 
recharge.  

The RMS error calculated for observed and simulated gains or losses in base flow for the 
Arkansas River for the transient simulation was 7,916,564 ft3/d (91.6 ft3/s) and the RMS error divided 
by the total range in streamflow was 22 percent. The RMS error calculated for observed and simulated 
streamflow gains or losses for the Little Arkansas River for the transient simulation was 5,610,089 ft3/d 
(64.9 ft3/s) and the RMS error divided by the total range in streamflow was 13 percent. The mean error 
between observed and simulated gains or losses in base flow was 29,999 ft3/d (0.34 ft3/s) for the 
Arkansas River and -1,369,250 ft3/d (-15.8 ft3/s) for the Little Arkansas River. Cumulative streamflow 
gain and loss observations are similar to the cumulative simulated equivalents. Average percent mass-
balance difference for individual stress periods ranged from -0.46 to 0.51 percent. The cumulative-mass 
balance for the transient calibration was 0.01 percent. 

For the groundwater-flow model (Kelly and others, 2013), the simulated hydraulic conductivity 
ranged from 0.25 to 1,200 ft/day in model layer 1; from 5 to 600 ft/day in model layer 2; and from 10 to 
800 ft/day in model layer 3 (fig. 3). A specific yield of 0.15 and a specific storage of 0.0005 were used 
for all model layers. Simulated recharge in the groundwater-flow model ranges from 5 to 32 percent of 
precipitation. Evapotranspiration was set to the maximum rate when the water table is at land surface 
and was set to zero when the depth to the water table was more than the extinction depth (depth below 
land surface at which evapotranspiration from the water table ceases to occur), which was assumed to be 
10 ft below land surface. The extent of the active-model area and thickness of each model layer are 
shown in figures 6, 7, and 8. All model layers were treated as convertible between confined and 
unconfined. 

Kelly and others (2013) performed a sensitivity analysis to determine the magnitude of the 
response of simulated heads and flows when changes were made to various input parameters. 
Composite scaled sensitivities were calculated for the steady-state and transient calibration simulations 
and one-percent sensitivities were calculated for the transient calibration simulation. Larger responses in 
model output to parameter changes indicate the model is more sensitive to the parameter. Parameters 
with the largest sensitivities were those with large areal distributions, such as evapotranspiration, 
recharge zones, and horizontal hydraulic conductivity zones. Parameters with relatively low sensitivities 
were storage terms, vertical hydraulic conductivity, and small recharge and horizontal hydraulic 
conductivity zones. A detailed description of the sensitivity analysis can be found in the groundwater-
flow model documentation (Kelly and others, 2013). 
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Figure 6. Map showing thickness of active-model area of model layer 1 
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Figure 7. Map showing thickness of active-model area of model layer 2 
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Figure 8. Map showing thickness of active-model area of model layer 3 
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Description of Chloride-Transport Model 
Chloride transport was simulated using SEAWAT Version 4 (Langevin and others, 2008), a 

computer program that combines the three-dimensional finite-difference groundwater-flow model 
MODFLOW-2000 (Harbaugh and others, 2000) and a three-dimensional multi-species transport model 
called MT3DMS (Zheng and Wang, 1999) for simulation of advection, dispersion, and chemical 
reactions of contaminants in groundwater. SEAWAT uses a combination of input files from 
MODFLOW and MT3DMS, with minor modifications to some of the input files.  

SEAWAT calculates hydraulic heads differently than MODFLOW because the program takes 
into account the variation of fluid density and viscosity that result from changes in solute concentration, 
temperature, and pressure. However, MODFLOW calculates hydraulic head based on the constant-
density of groundwater. Whittemore (2012) attributes the downward migration of brine in the Burrton 
area to density differences between the oil-field brine and the fresh water of the aquifer. The equation 
used for the variable-density groundwater flow process in SEAWAT Version 4 is: 

 ∇ ∙ �𝜌 𝜇0
𝜇

K0 �∇ℎ0 + 𝜌−𝜌0
𝜌0

∇𝑧�� = 𝜌𝑆𝑠,0
𝜕ℎ0
𝜕𝑡

+ 𝜃 𝜕𝜌
𝜕𝐶

𝜕𝐶
𝜕𝑡
− 𝜌𝑠𝑞𝑠     (2) 

where  ∇ is the gradient operator; 
 ρ is the fluid density, in pounds per cubic foot; 
 ρ0 is the density of fresh water, in pounds per cubic foot; 
 µ is the fluid viscosity, in pounds per foot per day; 
 µ0 is the viscosity of fresh water, in pounds per foot per day; 
 K0 is the hydraulic conductivity tensor of the saturated aquifer material, in feet per 
day; 
 h0  is the hydraulic head, in feet; 
 z is the upward coordinate direction; 
 Ss is the specific storage, in feet-1; 
 t is time, in days; 
 𝜃 is the porosity of the aquifer material, dimensionless; 
 C is the solute concentration, in pounds per cubic foot; 
 qs is the specific discharge of a source or sink of fluid, in days-1, of fluid with density 

ρs, in pounds per cubic foot. 
 

SEAWAT uses the following solute-transport equation: 

 𝜕𝐶
𝜕𝑡

= ∇ ∙ (𝐷 ∙ ∇𝐶) − ∇ ∙ (�⃑�𝐶) − 𝑞𝑠
𝜃
𝐶𝑠        (3) 

where D is the hydrodynamic dispersion coefficient, in square feet per day; 
 �⃑� is the fluid velocity, in feet per day; 
  Cs is the solute concentration of water entering from sources or sinks, in pounds per 

cubic foot, and where all other terms are previously defined. 
 

The advective transport of contaminants at the same velocity as the groundwater flow is often 
the dominant mechanism in solute transport (Zheng and Wang, 1999) and is represented by the velocity 
term (�⃑�) in the solute-transport equation (equation 3). Advection causes aquifer properties, such as 
hydraulic conductivity and effective porosity, to have a high degree of influence over solute transport 
because these properties control groundwater-flow velocity. 
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Hydrodynamic dispersion is the lateral and vertical mixing of a contaminant plume to a larger 
volume of water within the aquifer than what is typically affected by average groundwater flow. This 
dispersion term is defined as the sum of the mechanical dispersion and diffusion and acts on a 
microscopic scale by the deviations of the actual groundwater velocity from the average velocity, and 
also by molecular diffusion because of concentration gradients (Zheng and Wang, 1999). On a 
macroscopic scale, hydrodynamic dispersion can be caused by lithological heterogeneities. Simulating 
dispersion as zero produced the best model fit and also forced the advective transport to dominate the 
system and indicate areas where the simulated groundwater-flow velocities (�⃑�) may not be realistic. 
Simulated chloride concentrations that change more quickly at a well location than the observed 
chloride concentrations might indicate that groundwater-flow velocities toward the well location are too 
high, whereas simulated chloride concentrations that change more slowly than observed chloride 
concentrations might indicate that the groundwater-flow velocities toward the location are too low. 
Although the dispersion was set to zero in the model input, some dispersion was simulated due to 
numerical dispersion, which is caused by truncation error (introduced by approximating the continuous 
solution of a differential equation in a finite number of steps) (Zheng and Wang, 1999). 

Modifications to Groundwater-Flow Model for Use with the Chloride-Transport Model 
The chloride-transport model documented in this report supplements the groundwater-flow 

model developed by Kelly and others (2013). To preserve their calibration of the model, changes to 
input data to the groundwater-flow-model were kept to a minimum. Some minor changes were 
necessary to accommodate the chloride-transport simulation, but these changes did not change the flow 
model solution. 

The temporal discretization of the chloride-transport model included fewer stress periods, with 
more time steps per stress period than the groundwater-flow model developed by Kelly and others 
(2013). The chloride-transport model simulates the period from 1990 through 2008 with 19 stress 
periods with each stress period equal to 365 or 366 days; each stress period was then divided into 300 
time steps. The initial stress period of the groundwater-flow model begins in 1935 and has 26 stress 
periods with 50 time steps. Because of the difference in initial time between the two models, a different 
set of initial heads were used in the chloride-transport model. Thus, heads from the groundwater-flow 
model output at the end of 1989 (Kelly and others, 2013) were used for the initial heads for the chloride-
transport model. 

The groundwater-flow model (Kelly and others, 2013) used the multi-node well (MNW2) 
package of MODFLOW (Konikow and others, 2009) to simulate well pumping in the model area. This 
package is not compatible with SEAWAT. The MNW2 used in the flow model was converted into a 
format compatible with SEAWAT, which was MODFLOW’s original multi-node well (MNW1) 
package (Halford and Hanson, 2002). The MNW1 package that was used for the chloride-transport 
simulations contains the same pumping rates as the MNW2 package used in the flow model; thus, the 
change of format does not impact the flow solution. The MNW1 package does not simulate density 
effects in SEAWAT. 

SEAWAT requires input of the effective porosity for use in the solute transport calculations. 
This parameter is only used for the solute-transport step and does not affect the groundwater-flow 
solution. A uniform value of 0.15 was used for the effective porosity, which is consistent with the value 
of 0.15 used for specific yield in the Kelly and others (2013) groundwater-flow model. 
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Chloride Sources and Sinks 
The chloride-transport model could simulate chloride so that it was either added or subtracted 

from the model area (sources and sinks). These sources and sinks included transport of chloride with 
groundwater as it flowed across the boundaries of the model area, natural and artificial recharge, well 
pumping, and interaction with surface water.  

 Places where the active-model cells were adjacent to the active-model boundary, known as 
head-dependent boundaries, were assigned a constant chloride concentration of 20 mg/L, which was a 
value assumed to be representative of background chloride concentrations in groundwater based on 
chloride concentrations from samples upgradient of the study area (U.S. Geological Survey, 2014b). 
Head-dependent boundaries could act as sources or sinks for chloride, depending on the relative heads 
of the boundary and the adjacent active-model cell. Head difference between the boundary and a model 
cell created a hydraulic gradient across the boundary. The groundwater flow through the boundary was a 
function of the hydraulic gradient and the transmissivity of the aquifer. Kelly and others (2013) assigned 
water-table (unconfined conditions) values located 20 miles (mi) outside of the model area for the 
constant-head values at the boundary. The bottom of the model layer 3 (figs. 3 and 8) was modeled as a 
no-flow boundary, which prevented the simulation of upward flow of high-chloride water from the 
underlying Wellington Formation. 

Sources of chloride from recharge primarily were from precipitation and artificial recharge. 
First, the chloride concentration of recharge to the aquifer from precipitation was assumed to be 0.2 
mg/L, which was based on nationwide data about rainwater composition compiled by Root and others 
(2004). Second, artificial recharge entering the aquifer through recharge basins or injection wells was 
another source of chloride to the aquifer. Chloride concentrations input into the chloride-transport model 
for the artificially recharged water were calculated by using values from samples of treated recharge 
water. 

Possible sinks for chloride included evapotranspiration and pumping. The chloride concentration 
of water removed from the model area by evapotranspiration was assumed to be zero because 
evapotranspiration is thought to remove only pure water and not solutes (chloride) from the aquifer 
(Zheng and Wang, 1999). Pumping wells that removed water from the aquifer were considered chloride 
sinks. In reality, chloride pumped through irrigation wells would return to the aquifer in a more 
concentrated return flow, but in these simulations irrigation-return flow was accounted for by reducing 
the pumping rates of the irrigation wells (Kelly and others, 2013). 

Additionally, surface water in the model area can act as a chloride source or sink to groundwater 
depending on whether the river was losing water to or gaining water from the aquifer in a given stress 
period. Data from surface-water samples collected by the USGS and KDHE at sites within the study 
area from 1990 through 2008 were used to interpolate chloride concentrations for each river reach in 
each stress period (U.S. Geological Survey, 2014b; Kansas Department of Health and Environment, 
written commun., 2009). Stage values from streamflow-gaging stations along the Arkansas River, Cow 
Creek, and the Little Arkansas River were used to calculate average stage values for the gage locations 
in each stress period and interpolate stage values for river cells between gages (Kelly and others, 2013). 
Other streams in the model area were simulated as drains, meaning that they could only gain water from 
the aquifer, and therefore act only as chloride sinks. 

For this chloride-transport simulation, brine from the Burrton oil field was assumed to have 
completely infiltrated and percolated through the unsaturated zone and entered the saturated zone. 
Chloride from the Burrton plume was assumed to have entered the aquifer very quickly and was not 
greatly diluted because of sandy surface deposits and shallow depth to water (Burrton Task Force, 
1984).  
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Chloride Concentrations in Groundwater used for the Initial Conditions in the Chloride-Transport 
Model 

An initial chloride concentration for each active model cell was input into the simulation. These 
concentrations represent the conditions in the Equus Beds aquifer at the beginning of 1990. Values at 
well locations were first estimated using data from available samples collected in 1989 and 1990. To 
achieve an adequate density of points to interpolate areas between well locations, data from samples 
collected from 1985 to 1988 were also used when samples were not available from 1989 or 1990. If two 
or more wells with chloride values in the same year were located in the same cell, the average of their 
initial values was used for that cell. A geographic information system (GIS) was used to interpolate 
values of initial concentrations for cells between well locations, using the natural neighbor interpolation 
method (Sibson, 1981). The interpolated chloride distribution was modified to improve the fit of 
simulated chloride concentrations with the chloride concentrations from sampled wells. Only 
interpolated values were modified; the values at sample locations were left unchanged. The initial 
chloride distributions for each model layer are presented in figures 9, 10, and 11. 

Observed Chloride Concentrations 
Chloride-concentration data from groundwater samples taken during the study period in the 

model area was needed for comparison with simulated chloride concentrations output by the model. 
Chloride-concentration data was obtained from the USGS and GMD2 for 4,498 groundwater samples 
collected from 503 wells in the model area from 1990 through 2008 (figs. 12, 13, and 14) (U.S. 
Geological Survey, 2014b; Equus Beds Groundwater Management District No. 2, written commun., 
2009). Chloride concentrations from these samples were compared with simulated values from the same 
year (stress period) as the sample and from the model cell where the well was located. The altitudes of 
the tops and bottoms of the screened intervals of sampled wells were compared to the altitudes of the 
tops and bottoms of the model cells to determine if groundwater samples were from layers 1, 2, or 3. Of 
the 4,498 samples, 2,082 of the samples were determined to be from model layer 1, 1,206 samples were 
determined to be from model layer 2, and 1,210 samples were determined to be from model layer 3 
(table 1). If more than one sample was available from a cell during a stress period, the observed chloride 
concentrations were averaged to estimate a single chloride concentration value (observed value) for 
comparison with the cell’s simulated value.  
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Figure 9. Map showing initial (1990) chloride distribution in and around the Wichita well field for model layer 1 
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Figure 10. Map showing initial (1990) chloride distribution in and around the Wichita well field for model layer 2 
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Figure 11. Map showing initial (1990) chloride distribution in and around the Wichita well field for model layer 3 
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Table 1.  Number of chloride samples analyzed per model layer in each stress period. 
Stress 
period* Year 

Model Layer 
1 

Model Layer 
2 

Model Layer 
3 Total 

Number of chloride samples 

1 1990 107 76 65 248 

2 1991 105 77 66 248 

3 1992 63 35 40 138 

4 1993 107 75 65 247 

5 1994 66 35 41 142 

6 1995 73 41 44 158 

7 1996 82 38 42 162 

8 1997 108 54 51 213 

9 1998 99 55 53 207 

10 1999 78 42 47 167 

11 2000 103 50 49 202 

12 2001 156 101 85 342 

13 2002 123 65 69 257 

14 2003 126 65 69 260 

15 2004 119 65 72 256 

16 2005 119 66 71 256 

17 2006 196 120 115 431 

18 2007 128 74 83 285 

19 2008 124 72 83 279 
Total 2,082 1,206 1,210 4,498 

*A stress period represents a length of time in the model where stresses (such as recharge, pumping, 
or evapotranspiration) are constant. Stresses can only change at the beginning of a new stress 
period. 



 

 28 

 

Figure 12. Map showing locations of wells with chloride-concentration data in the study area, model layer 1, 1990-
2008. 



 

 29 

 

Figure 13. Map showing locations of wells with chloride-concentration data in the study area, model layer 2, 1990-
2008. 
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Figure 14. Model showing locations of wells with chloride-concentration data in the study area, model layer 3, 
1990-2008. 
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Analysis of Simulated Chloride-Concentration and Head Data 
The simulated chloride concentrations are presented in terms of the rate of movement and the 

location of the 250-mg/L-chloride front (chloride front) with respect to the WWF. The 250-mg/L-
chloride front is important because 250 mg/L is the U.S. Environmental Protection Agency SMCL for 
chloride (U.S. Environmental Protection Agency, 2013). Additionally, chloride concentrations of 140 to 
350 mg/L or greater have been known to cause severe injury to plants and decrease crop yields (Bauder 
and others, 2011). 

Rates of movement of the chloride fronts were estimated for the area between the Arkansas 
River and the southern boundary of the WWF and for the area between the Burrton plume and the WWF 
(table 2). The north-south distance between the simulated chloride fronts for stress period 1 (end of 
1990, hereinafter referred to as 1990 stress period) and stress period 19 (end of 2008, hereinafter 
referred to as 2008 stress period) was measured along Public Land Survey System (PLSS) section 
boundaries that crossed the southern boundary of the well field and was used to estimate the rate of 
movement between the Arkansas River and the southern well field boundary (figs. 15, 16, and 17). 
Distances were measured between the 1990 and 2008 250-mg/L-chloride fronts along  eight section 
boundaries, by using a 1-mile interval from the eastern boundary of sec. 7, T. 25 S., R. 2 W. to the 
eastern boundary of sec. 20, T. 25 S., R. 1 W. The average of these distances was divided by the 18 
years between the 1990 and 2008 stress periods to estimate the average rate of movement of the chloride 
front from the Arkansas River northward toward the southern well field boundary. 

In the Burrton area, the rate of movement of the chloride front was calculated by measuring the 
distance between its position at the end of the 1990 stress period and the end of the 2008 stress period, 
where the main body of the plume had moved farthest toward the WWF. That distance also was divided 
by the 18 years from the end of the 1990 stress period to the end of the 2008 stress period to estimate a 
rate of movement. The shape and movement of the Burrton plume differed between pumping scenarios 
and model layers 1, 2, and 3 so the distance measurement was taken along different lines depending on 
the location and direction of the movement of the chloride front toward the well field.  

The position of the chloride front at the end of the 2008 stress period of each hypothetical 
scenario (scenarios 2 through 6, as referred to in the “Purpose and Scope” section of this report) was 
compared to the chloride front at the end of the 2008 stress period of the baseline scenario (scenario 1) 
by measuring the distance between them in the same areas where the rates were estimated. 

Simulated heads for the 2008 stress period were used to compare the differences between the 
water levels at the locations of the index monitoring wells in the baseline scenario and each of the 
hypothetical scenarios. Storage volumes for the 2008 stress period were calculated for each index cell 
within the BSA (fig. 2) for each scenario, and again the results of the baseline scenario were compared 
to each of the hypothetical scenarios. The volume of water in the aquifer within the index cells of the 
BSA were calculated by summing the saturated volume of each model cell within an index cell and 
multiplying that sum by the specific yield of 0.15. This method does not account for water retained in 
the unsaturated zone. 
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Table 2.  Estimated average rates of movement of simulated chloride fronts for each scenario and distance 
between simulated chloride fronts in baseline and hypothetical scenarios at the end of the 2008 stress period. 

[--, not determined] 
 

Scenario Model 
Layer 

Chloride Source 

Arkansas River, 
near Wichita well 

field southern 
boundary 

Burrton plume 
Arkansas River, 

near Wichita well 
field southern 

boundary 
Burrton plume 

Average rate of movement of 
simulated 250-milligrams-per-liter-
chloride front during study period 

(feet per year) 

Distance between end of 2008 
simulated 250-milligrams-per-liter-
chloride front in baseline and other 

scenarios (feet)* 

Existing pumping 
(baseline) 

1 660 400 -- -- 
2 780 150 -- -- 
3 660 310 -- -- 

No pumping  

1 500 520 -3,110 2,250 
2 570 70 -3,840 -1,430 
3 510 190 -2,740 -2,360 

Double Wichita 
pumping 

1 810 350 2,800 -920 
2 870 210 1,640 1,140 
3 740 440 1,250 2,520 

No irrigation 
pumping 

1 590 510 -1,350 2,090 
2 710 100 -1,370 -780 
3 620 260 -810 -1,010 

 
Double Wichita 
and no irrigation 

pumping 

1 770 500 1,870 1,740 
2 850 150 1,240 930 
3 710 400 730 2,040 

Increased phase I 
artificial recharge 

1 660 430 0 -630 
2 780 140 0 -860 
3 660 250 0 -890 

*Negative value indicates that the chloride front did not travel as far as in the baseline scenario. Positive value indicates that 
the chloride front traveled farther than in the baseline scenario. 
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Figure 15. Map of the end of 1990 stress period and end of 2008 stress period simulated chloride fronts for the 
existing pumping scenario, model layer 1. 
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Figure 16. Map of the end of 1990 stress period and end of 2008 stress period simulated chloride fronts for the 
existing pumping scenario, model layer 2. 
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Figure 17. Map of the end of 1990 stress periods and end of 2008 stress periods simulated chloride fronts for the 
existing pumping scenario, model layer 3. 
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Model Limitations  
Any groundwater model is limited in its representation of actual conditions by simplifications, 

assumptions, and inherent sources of uncertainty. Model limitations should be considered when 
interpreting model results. Although the chloride-transport model is uncalibrated, a comparison of the 
simulated chloride concentrations to observed chloride concentrations in groundwater samples in the 
model area during the study period can provide information about the limitations of the groundwater-
flow model (Kelly and others, 2013) and are useful in examining differences and potential effects of 
different pumping scenarios on groundwater levels and chloride transport.  

A potential problem for a calibrated groundwater model is nonuniqueness. A nonunique model 
is one in which multiple sets of input parameter values yield similar calibration results. Without 
additional data, determining the set of parameters that is closest to reality may be difficult. A 
comparison of the simulated and observed chloride-concentration data shows that the groundwater-flow 
velocities in some areas of the model are too fast. Therefore, despite the agreement between simulated 
and observed groundwater levels in the groundwater-flow model (Kelly and others, 2013), the model is 
likely nonunique, and new input parameter values could be determined through recalibration of the 
model using additional data in future updates. 

Spatial and temporal discretization place limits on the scale and duration of hydrologic events 
that can be simulated by the model. Any event that takes place on a smaller scale than the 400 ft by 400 
ft cells in the model grid cannot be captured in the simulation, and any event that takes place on a 
shorter time scale than the annual stress periods used in the model also cannot be simulated. These 
events can be part of the average stresses over the model cell or stress period, but the effects of the 
individual events cannot be discerned. For example, drawdown effects around a single well will likely 
not be simulated in enough detail to be useful for conditions near or at a well. Likewise, the effects of 
individual precipitation events of relatively short durations cannot be analyzed using results from this 
model. In addition, because the properties of the aquifer are assumed to be homogeneous within each 
model cell, effects of local heterogeneities of the aquifer cannot be simulated. 

Many of the input data to this model were interpolated over the volume of the aquifer using 
sparse point data, and the values of some input parameters were determined through the model 
calibration process, rather than through field measurements. Furthermore, those input values that are 
based on field measurements or laboratory analysis of groundwater samples are subject to the 
uncertainty inherent to the methods used for each of the measurements.  

Solute-transport models have a higher degree of inherent uncertainty than groundwater-flow 
models because they rely on more parameters with associated uncertainty, which include initial solute 
concentrations that were interpolated from sparse point data, and aquifer properties not included in the 
groundwater-flow model (such as effective porosity and dispersion). In comparison to a groundwater-
flow model, a groundwater-solute-transport model is not expected to display equivalent reliability 
(Konikow, 2011). Because of this uncertainty, the results of hypothetical scenarios need to be used in 
general terms of increases or decreases in transport rate relative to the baseline scenario, rather than in 
terms of specific transport rates. Additionally, the results need to be used as approximations of 
conditions rather than specific chloride concentrations.  
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Description of Preliminary Simulation of Chloride Transport in the Equus Beds 
Aquifer with Existing Well Pumping and Artificial Recharge 

The results of the baseline scenario, in which the actual conditions for 1990 through 2008 were 
simulated, were compared to observed data to assess how well the chloride transport and groundwater 
levels were simulated. Southwest of the WWF (fig. 1), the Arkansas River is a major source of chloride 
to the aquifer (Myers and others, 1996). In this scenario, existing municipal pumping (by Wichita within 
the WWF), existing irrigation and industrial pumping, and existing artificial recharge were simulated. 
By the 2008 stress period, the simulated chloride front had moved farther northeast than the position of 
the front interpreted from observed chloride concentrations from 2011 (figs. 18 and 19). The chloride 
fronts interpreted from observed chloride data from 2011 were used for comparison with the simulation 
because 2011 was the most complete year of sampling in the areas of interest, and provided the best 
estimation of plume shape for visual comparison with the simulated chloride plume. The 2011 chloride 
fronts were mapped prior to this study (unpublished) and used two layers—shallow (0 to 80 ft below 
land surface) and deep (80 ft and deeper below land surface)—instead of the three modeling layers used 
in Kelly and others (2013) and in this chloride-transport model. The contours for the shallow layer 
created by using observed data (2011) were compared to simulated contours from model layer 1 (fig. 
18). The contours for the deep layer created by using observed data (2011) were compared to simulated 
contours from layer 3 (fig. 19). In the simulation, the chloride front moved north toward the southern 
well field boundary at approximately 660 ft/yr in layer 1; 780 ft/yr in layer 2; and 660 ft/yr in layer 3 
(table 2). In order for the simulated chloride front to agree with the contours created from 2011 observed 
data in the Arkansas River area, the simulated front would have to travel between the river and the 
southern boundary of the well field at an average rate of approximately 310 ft/yr in the shallow layer 
and 160 ft/yr in the deep layer, about 50 percent and 75 percent slower, respectively, than rates of 
movement of the front in that area of the baseline simulation. 

The simulated Burrton plume is fairly similar in shape and position as determined by 
Whittemore (2012) and Ziegler and others (2010); however, the plume moves in a different direction 
and does not match the observed data (2011) in some areas (figs. 18 and 19). In the shallow layer (fig. 
18), the simulated chloride front extends southeast toward the well field, whereas the chloride front 
based on 2011 observations extends farther south. Also, in the northeastern part of the plume, some of 
the simulated groundwater with greater than 250-mg/L-chloride concentration sinks into the deeper 
layers over the course of the simulation, whereas it is still present in the chloride front interpreted from 
the 2011 observed data. 

In the deep layer (fig. 19), the simulated Burrton plume and the Burrton plume interpreted from 
2011 observed data both extend east toward the well field, although the plume based on observed data 
moved farther north. The simulated chloride front moved toward the well field at an approximate 
average rate of 400 ft/yr in layer 1; 150 ft/yr in layer 2; and 310 ft/yr in layer 3 (table 2). Quantitative 
comparisons of the simulated and actual rates of movement of the chloride fronts in the Burrton area 
were difficult to make because the plumes appeared to be spreading in different directions. The 
simulated plume moved toward the well field along a more direct path than what the observed data 
show (fig. 19). 

The movement of chloride mass into and out of the model were well balanced, with much less 
than one percent discrepancy between them at each time step (on the order of 10-10 to 10-8 percent). A 
negligible chloride mass-balance was expected, because the standard finite-difference method was used 
for the calculations, which starts from a mass-balance equation for each model cell (Zheng and Wang, 
1999).   
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Figure 18. Map of simulated chloride front for baseline scenario from the end of the 2008 stress period and 
chloride front based on shallow chloride data from 2011, model layer 1. 
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Figure 19. Map of simulated chloride front for baseline scenario from the end of the 2008 stress period and 
chloride front based on deep chloride data from 2011, model layer 3. 
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As discussed in the section, “Modifications to Groundwater-Flow Model for Use with the 
Chloride-Transport Model,” the groundwater-flow model of Kelly and others (2013) was used for the 
flow portion of this chloride-transport model, and the head calibration and comparison between 
observed and simulated water levels by Kelly and others (2013) also applied to the pumping scenario 
described here. The simulated groundwater levels were highest in the northwest corner of the model 
area and generally decreased toward the southeast. The RMS error for water-level observations for 
Kelly and others (2013) was 2.48 ft. 

Comparison of Observed Chloride Concentrations from 1990 through 2008 to Simulated Chloride 
Concentrations from the Baseline Scenario 

Observed and simulated chloride concentrations were compared by calculating the difference 
between simulated and observed chloride concentrations (called residuals) in model cells where 
groundwater samples were collected and analyzed for chloride during 1990 through 2008. Chloride 
concentration residuals were plotted as a function of simulated chloride concentration in figure 20. 
Different symbols were used in the plot to indicate the areas where the large residuals occurred and thus 
show areas of poor agreement between observed and simulated data. 

Although the chloride transport simulation is uncalibrated, a comparison of the simulated 
chloride concentrations to observed chloride concentrations in groundwater samples in the model area 
during the study period can yield information about the limitations of the Kelly and others (2013) 
groundwater-flow model and chloride transport. The addition of chloride transport to the groundwater-
flow model (Kelly and others, 2013) revealed areas where recalibration of the groundwater-flow model 
is required for adequate simulation of solute transport. Flow model parameters such as hydraulic 
conductivity and riverbed properties have a high degree of influence over solute transport in the aquifer; 
therefore, a new calibration of groundwater-flow parameters is necessary to achieve a better agreement 
between simulated and observed chloride concentrations. A better understanding of the limitations of 
the groundwater-flow model can help estimate parameter values in future updates of the model, and 
determine appropriate uses for the model until such updates are made. 

Areas with large chloride-concentration residuals may require adjustment of the groundwater-
flow model parameters to improve the agreement between observed and simulated data. The largest 
residuals occurred in layer 3 near a plume about 6 miles north of Burrton, Kansas in an area known as 
the Hollow-Nikkel area (fig. 1). High chloride concentrations were found in water from wells completed 
in layer 3 in the Hollow-Nikkel area (figs. 21 and 22). Observed chloride concentrations in wells 
EB34C, EB35C, EB36C, and EB45B were all greater than 1,000 mg/L (as much as 7,600 mg/L in 
EB34C, fig. 22), while chloride concentrations in surrounding monitoring wells generally were less than 
100 mg/L, which suggests that a slow moving or static plume exists in the area. However, simulated 
chloride concentrations (fig. 22) suggested more rapid transport, with downward trends in wells that had 
consistently high observed chloride concentrations and upward trends in many of the wells that had 
consistently low observed chloride concentrations. 
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Figure 20. Graph showing comparison of simulated chloride concentration to residuals of chloride concentration 
(simulated minus observed concentrations at each sample location), 1990 through 2008. 
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Figure 21. Map showing locations of monitoring wells in the Hollow-Nikkel area and observed chloride 
concentrations, model layer 3. 
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Figure 22. Graphs showing observed chloride concentrations and simulated chloride concentrations from the 
baseline scenario in monitoring wells in the Hollow-Nikkel area. 
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The comparison of observed and simulated chloride concentrations indicated the simulated 
groundwater-flow velocity through the Hollow-Nikkel area was too high. Kelly and others (2013) 
included the Hollow-Nikkel area in a calibration zone called the “North Uplands” that had a root mean 
square error (RMSE) of 8.35 ft, which was the highest RMSE of any of the six calibration zones used in 
for the groundwater flow model. The high RMSE indicates that, on average, wells in this calibration 
zone had the largest head residuals. The simulated head difference between EB41C and EB25C 
(locations shown in fig. 21) remained less than this RMSE from the 1990 stress period through the 2008 
stress period, and ranged from 4.36 to 6.69 ft. Because the head difference across the Hollow-Nikkel 
area plume is lower than the RMSE, the direction and magnitude of the simulated hydraulic gradient 
across the Hollow-Nikkel area could likely be changed without negatively impacting the head error in 
the area. 

There were large differences between observed and simulated chloride concentrations in wells 
along the Arkansas River (locations shown in figs. 12, 13, and 14). In the simulation, chloride from the 
river was transported toward the southern boundary of the WWF at a faster rate than was indicated by 
observed chloride concentrations. Over the course of the simulation, the simulated chloride 
concentrations at index monitoring wells between Arkansas River and the southern boundary of the 
WWF increased faster than the observed chloride concentrations (fig. 23). 

There also are areas along the Little Arkansas River with large residuals. Simulated chloride 
moved westward from the river towards the WWF near Halstead and Sedgwick. Observed chloride 
concentration data from index monitoring wells near the Little Arkansas River (locations shown in figs. 
12, 13, and 14) indicate relatively low chloride concentrations just west of the river, but simulated 
chloride concentrations were substantially higher. For example, simulated concentrations at IW-12A 
(model layer 1) near Halstead were as much as 120 mg/L while samples from that well had 
concentrations less than 30 mg/L (fig. 24). 

Last, smaller chloride concentration residuals near the Burrton plume showed a better match 
between observed and simulated chloride concentrations than in other areas of interest. Observed 
chloride concentrations from index monitoring wells (locations shown in figs. 12, 13, and 14) completed 
in layer 1 that are closest to the plume documented a better agreement with simulated concentrations 
than those that were completed in layer 3 (fig. 25).  
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Figure 23. Graphs showing observed and simulated chloride concentrations for the baseline scenario for index 
monitoring wells between the Arkansas River and the southern boundary of the Wichita well field. 
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Figure 24. Graphs showing observed and simulated chloride concentrations for the baseline scenario for index 
monitoring wells near the Little Arkansas River in Halstead. 
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Figure 25. Graphs showing observed and simulated chloride concentrations for the baseline scenario for index 
monitoring wells near the Burrton plume. 
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Potential Improvements to the Groundwater-Flow Model 
Assuming that the initial chloride distribution (figs. 9, 10, and 11) used for the simulation was 

reasonable and chloride transport in the aquifer is dominated by advection, then chloride-concentration 
residuals from this simulation can be used to help to refine the groundwater-flow parameters in future 
efforts to model groundwater flow and solute transport in the Equus Beds aquifer. Simulated chloride 
transport that was too fast or slow in a particular direction indicated that the groundwater velocity in that 
direction was too fast or slow. This could mean that the hydraulic properties of the aquifer need to be 
adjusted to change groundwater-flow velocities. Changes to aquifer characteristics that affect flow most 
likely will change the simulated heads and hydraulic gradients; thus, both chloride concentration and 
head residuals need to be considered during recalibration of the model to ensure that changing 
parameters to improve chloride-concentration residuals does not have overly adverse effects on head 
residuals. 

Hydraulic conductivities could be changed to adjust groundwater-flow velocity in areas where 
chloride concentration residuals are large. In the Hollow-Nikkel area and the area between the Arkansas 
River and the southern boundary of the WWF, lower hydraulic conductivities would slow the 
groundwater-flow velocity and decrease advective transport. Areas with negative chloride concentration 
residuals (fig. 20) may require increases in hydraulic conductivity to increase advective transport. The 
hydraulic conductivity and thickness of the streambed of the Arkansas River also might be adjusted to 
increase or decrease streamflow losses and the chloride transport from the river into the aquifer, 
depending on whether residuals for chloride concentration were positive or negative at sampled wells 
near a particular reach of the Arkansas River. 

More detailed information about the distribution of other aquifer properties, such as effective 
porosity and specific yield, might help to improve agreement between observed data and simulated 
results and lower the chloride concentration residuals. For this analysis the effective porosity was 
assumed to be equal to the specific yield. Effective porosity can be higher than the specific yield in 
finer-grained materials. Higher effective porosity values would slow the groundwater-flow velocity and 
decrease advective transport. The effective porosity value was not used in the groundwater-flow 
calculations, so the simulated heads would not be changed by adjusting effective porosity. A value of 
0.15 was used for specific yield for the aquifer in this simulation. A more detailed distribution of 
specific yield might be developed through recalibration, which would affect the groundwater-flow and 
storage-volume calculations. 

 

Simulated Effects of Hypothetical Well-Pumping and Artificial-Recharge 
Scenarios on Groundwater Flow and Chloride Transport 

The groundwater-flow and chloride-transport model was used to simulate the effects on 
groundwater flow and chloride transport within the Equus Beds aquifer for five well-pumping scenarios 
and one artificial-recharge scenario for the 1990 through 2008 stress periods. Unless otherwise 
indicated, existing industrial pumping, existing municipal pumping outside the WWF, and existing 
artificial recharge were used in all five well pumping scenarios. All municipal pumping within the 
WWF is by the city of Wichita. The five well pumping scenarios were: (1) existing Wichita municipal 
pumping and existing irrigation pumping to serve as a baseline for comparison with the other scenarios 
(described in section, “Description of Preliminary Simulation of Chloride Transport in the Equus Beds 
Aquifer with Existing Well Pumping and Artificial Recharge”), (2) no pumping in the model area for 
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the study period to demonstrate chloride transport without the influence of pumping, (3) doubling 
Wichita municipal pumping with existing irrigation pumping, (4) existing Wichita municipal pumping 
with no irrigation pumping, and (5) doubling Wichita municipal pumping with no irrigation pumping. 
Last, the artificial-recharge scenario simulated increasing artificial recharge to the Phase 1 ASR sites by 
2,300 acre-ft/yr with existing Wichita municipal pumping, existing municipal pumping outside the 
WWF, and existing irrigation and industrial pumping, to demonstrate how artificial recharge at Phase 1 
recharge sites (fig. 2) may affect the movement of the Burrton plume. These six scenarios were designed 
to demonstrate the effects that changes in well pumping and artificial recharge might have on chloride 
transport in the Equus Beds aquifer, specifically in the area in and around the WWF. Well pumping and 
artificial recharge rates for each scenario are summarized in table 3. The differences in the results in 
simulated groundwater flow and chloride transport by using the existing 1990 through 2008 well-
pumping rates and hypothetical pumping-rate scenarios determine possible areas where the groundwater 
flow and chloride transport are sensitive to changes. 

No Pumping Scenario 
In this hypothetical scenario, simulated chloride from the Arkansas River and the Burrton plume 

was transported toward the Wichita well field at a slower rate when compared to the baseline scenario. 
In model layer 1, the chloride front near the southern part of the well field moved northward from the 
Arkansas River toward the well field at about 500 ft/yr (160 ft/yr slower than in the baseline scenario), 
in layer 2 at about 570 ft/yr (210 ft/yr slower than in the baseline scenario), and in layer 3 at about 510 
ft/yr (150 ft/yr slower than in the baseline scenario) (table 2). The 250-mg/L-chloride front of the 
Burrton plume in layer 1 moved southeast toward the well field at a rate of approximately 520 ft/yr (120 
ft/yr faster than in the baseline scenario), in layer 2 at about 70 ft/yr (80 ft/yr slower than in the baseline 
scenario), and in layer 3 at about 190 ft/yr (120 ft/yr slower than in the baseline scenario) (table 2). 

Elimination of all groundwater pumping in the model area decreased the rate of chloride 
transport towards the well field compared to the movement simulated in the baseline scenario in the 
southern part of the well field near the Arkansas River. In layer 1, by the end of the 2008 stress period 
the 250-mg/L-chloride front in the baseline scenario moved (table 2) approximately 3,110 ft farther 
north than the no pumping scenario (fig. 26). In layer 2, the 250-mg/L-chloride front moved 
approximately 3,840 ft farther north in the baseline scenario than in the no pumping scenario (fig. 27). 
In layer 3, the 250-mg/L-chloride front moved approximately 2,740 ft farther north in the baseline 
scenario than in the no pumping scenario (fig. 28). 

Additionally, at the end of the 2008 stress period using this scenario, the simulated Burrton 
plume in layer 1 moved farther toward the well field than in the baseline scenario, and the plume in 
layers 2 and 3 moved farther toward the well field in the baseline scenario than in this scenario. In 
model layer 1, the chloride front moved as much as 2,250 ft farther east in this scenario than in the 
baseline scenario (fig. 26). In layer 2, by the end of 2008 the 250-mg/L-chloride front moved as much as 
1,430 ft farther southeast toward the well field in the baseline scenario than in the no-pumping scenario, 
although an arm of the southern part of the plume, about 3,500 ft north of IW-13, extended southeast as 
much as 2,640 ft farther in the no pumping scenario than in the baseline scenario (fig. 27). In layer 3, by 
the end of 2008 the chloride front of the baseline scenario moved as much as 2,360 ft farther east than 
the contour produced by the no-pumping scenario (fig. 28). 
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Table 3.  Pumping and recharge rates for each model scenario. 

Pumping or 
recharge 

type 

Year 
(stress 
period) 

Scenarios 

Existing 
pumping 
(baseline) 

No 
pumping 

Double 
Wichita 

pumping 

No 
irrigation 
pumping 

Double 
Wichita 

pumping 
and no 

irrigation 
pumping  

Increased 
phase 1 
artificial 
recharge 

Pumping or recharge rate (acre-feet per year)* 

Municipal 
pumping from 
Wichita well 

field 

1990 -37,440 0 -74,880 -37,440 -74,880 -37,440 
1991 -38,185 0 -76,369 -38,185 -76,369 -38,185 
1992 -39,939 0 -79,879 -39,939 -79,879 -39,939 
1993 -38,604 0 -77,208 -38,604 -77,208 -38,604 
1994 -34,120 0 -68,240 -34,120 -68,240 -34,120 
1995 -27,149 0 -54,298 -27,149 -54,298 -27,149 
1996 -27,085 0 -54,169 -27,085 -54,169 -27,085 
1997 -22,466 0 -44,931 -22,466 -44,931 -22,466 
1998 -18,602 0 -37,203 -18,602 -37,203 -18,602 
1999 -19,848 0 -39,697 -19,848 -39,697 -19,848 
2000 -20,926 0 -41,853 -20,926 -41,853 -20,926 
2001 -17,666 0 -35,332 -17,666 -35,332 -17,666 
2002 -19,284 0 -38,568 -19,284 -38,568 -19,284 
2003 -22,781 0 -45,561 -22,781 -45,561 -22,781 
2004 -23,852 0 -47,704 -23,852 -47,704 -23,852 
2005 -22,867 0 -45,734 -22,867 -45,734 -22,867 
2006 -23,117 0 -46,234 -23,117 -46,234 -23,117 
2007 -20,756 0 -41,512 -20,756 -41,512 -20,756 
2008 -19,921 0 -39,842 -19,921 -39,842 -19,921 

Irrigation 
pumping from 

model area 

1990 -66,860 0 -66,860 0 0 -66,860 
1991 -67,736 0 -67,736 0 0 -67,736 
1992 -31,846 0 -31,846 0 0 -31,846 
1993 -33,000 0 -33,000 0 0 -33,000 
1994 -59,647 0 -59,647 0 0 -59,647 
1995 -51,008 0 -51,008 0 0 -51,008 
1996 -50,116 0 -50,116 0 0 -50,116 
1997 -40,816 0 -40,816 0 0 -40,816 
1998 -60,030 0 -60,030 0 0 -60,030 
1999 -50,437 0 -50,437 0 0 -50,437 
2000 -69,753 0 -69,753 0 0 -69,753 
2001 -84,625 0 -84,625 0 0 -84,625 
2002 -77,576 0 -77,576 0 0 -77,576 
2003 -88,543 0 -88,543 0 0 -88,543 
2004 -50,670 0 -50,670 0 0 -50,670 
2005 -66,194 0 -66,194 0 0 -66,194 
2006 -82,961 0 -82,961 0 0 -82,961 
2007 -59,977 0 -59,977 0 0 -59,977 
2008 -51,113 0 -51,113 0 0 -51,113 
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Table 3 continued 

Pumping or 
recharge 

type 
Year 

Scenarios 

Existing 
pumping 
(baseline) 

No 
pumping 

Double 
Wichita 

pumping 

No 
irrigation 
pumping 

Double 
Wichita 

pumping 
and no 

irrigation 
pumping  

Increased 
phase 1 
artificial 
recharge 

Pumping or recharge rate (acre-feet per year)* 

Artificial 
recharge at 

Aquifer 
Storage and 
Recovery 

project phase 
1 sites 

1990 0 0 0 0 0 2,300 

1991 0 0 0 0 0 2,300 

1992 0 0 0 0 0 2,300 

1993 0 0 0 0 0 2,300 

1994 0 0 0 0 0 2,300 

1995 0 0 0 0 0 2,300 

1996 0 0 0 0 0 2,300 

1997 0 0 0 0 0 2,300 

1998 0 0 0 0 0 2,300 

1999 0 0 0 0 0 2,300 

2000 0 0 0 0 0 2,300 

2001 0 0 0 0 0 2,300 

2002 0 0 0 0 0 2,300 

2003 0 0 0 0 0 2,300 

2004 0 0 0 0 0 2,300 

2005 0 0 0 0 0 2,300 

2006 0 0 0 0 0 2,300 

2007 1,121 0 1,121 1,121 1,121 3,421 

2008 981 0 981 981 981 3,281 
*Negative values are rates of pumping out of the aquifer; positive values are recharge to the 
aquifer. 
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Figure 26. End of 2008 simulated 250-milligram per liter (mg/L)-chloride concentration contours for all scenarios, 
model layer 1. 
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Figure 27. End of 2008 simulated 250-milligram per liter (mg/L)-chloride concentration contours for all scenarios, 
model layer 2. 
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Figure 28. End of 2008 simulated 250-milligram per liter (mg/L)-chloride concentration contours for all scenarios, 
model layer 3. 
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For this hypothetical scenario, simulated chloride concentrations near the Burrton plume in layer 
1 dispersed farther into the areas surrounding the plume than in the baseline scenario (fig. 26). With the 
elimination of irrigation pumping, chloride concentrations in groundwater (that would have been 
removed from the Burrton plume by irrigation pumping) remained in model layer 1, and changed the 
hydraulic gradient between the Burrton plume area in layer 1 and surrounding areas and the two deeper 
layers. 

At the end of the 2008 stress period, simulated groundwater levels and storage volume in the 
BSA are higher than those produced by the baseline scenario. On average, for this hypothetical scenario, 
water levels in the index wells were 5.05 ft higher than in the baseline scenario, with a maximum 
difference in IW-21A of 16.45 ft higher in the no pumping scenario than in the baseline scenario (table 
4). The total simulated volume of water stored in the BSA was 73,700 acre-feet greater in this scenario 
than in the baseline scenario (table 5). 

Simulation of this scenario demonstrated the possible (not affected by pumping or artificial 
recharge) movement of chloride in the study area. This scenario indicated that despite the lack of 
pumping, chloride transport from the Arkansas River and the Burrton plume was still towards the WWF 
area. Thus, reductions in pumping may not adequately stop the movement of chloride into the well field, 
and further actions, such as the ASR project or pumping from the Burrton plume and subsequent 
treatment of the water, may be necessary to avoid transport of chloride into the well field. 

Double Wichita Municipal Pumping and Existing Irrigation Pumping Scenario 
In this hypothetical scenario, the simulated rate of chloride transport was faster from the 

Arkansas River and from the Burrton plume towards the WWF compared to the rate simulated in the 
baseline scenario. Near the southern part of the well field, the chloride front in layer 1 moved northward 
toward and into the well field at about 810 ft/yr (150 ft/yr faster than in the baseline scenario), in layer 2 
at about 870 ft/yr (90 ft/yr faster than in the baseline scenario), and in layer 3 at about 740 ft/yr (80 ft/yr 
faster than in the baseline scenario) (table 2). The chloride front on the main body of the Burrton plume 
moved southeast towards the well field in layer 1 at about 350 ft/yr (50 ft slower than in the baseline 
scenario), in layer 2 at about 210 ft/yr (60 ft/yr faster than in the baseline scenario), and in layer 3 at 
about 440 ft/yr (130 ft/yr faster than in the baseline scenario) (table 2). 

For this hypothetical scenario, a comparison of the movement of the simulated chloride front 
with the chloride front simulated in the baseline scenario indicated that the simulated chloride transport 
in the southern part of the well field near the Arkansas River was sensitive to city of Wichita pumping 
from the well field. In model layer 1,the chloride front simulated by this scenario extended farther into 
the well field than the chloride front simulated by the baseline scenario, and was approximately 2,800 ft 
farther north by the end of the 2008 stress period (fig. 26). In layer 2, the chloride front was 
approximately 1,640 ft farther north in this scenario than in the baseline scenario (fig. 27). In layer 3, the 
chloride front was approximately 1,250 ft farther north than the chloride front simulated by the baseline 
scenario (fig. 28). 

In the Burrton plume area, the difference between the chloride front position in this hypothetical 
scenario and the baseline scenario was greater in layers 2 and 3 than in layer 1 (table 2, figs. 26, 27, and 
28). In layer 1, the chloride front from the baseline scenario was as much as 920 ft farther southeast by 
the end of the 2008 stress period than the chloride front from this scenario (fig. 26). In layer 2, part of 
the chloride front was as much as 1,140 ft farther in the direction of well field in this scenario than the 
chloride front simulated by the baseline scenario (fig. 27). In layer 3, the chloride front from this 
scenario was as much as 2,520 ft farther into the well field by the end of the 2008 stress period than the 
chloride front simulated by the baseline scenario (fig. 28). 
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Table 4.  Simulated water level differences between hypothetical scenarios and the baseline scenario in index 
monitoring wells at the end of the 2008 stress period. 

[Negative values mean water levels were lower than in the baseline scenario; positive values mean water levels were above those 
in the baseline scenario.] 

Index 
monitoring 

well 

No pumping 
scenario 

Double Wichita 
pumping 
scenario 

No irrigation 
scenario 

Double Wichita 
pumping and no 

irrigation 
pumping 
scenario 

Increased phase 
1 artificial 
recharge 
scenario 

Difference in simulated water levels, hypothetical scenario minus baseline scenario (feet) 

IW-01A  0.08 - 0.03  0.07  0.04  0.05 
IW-02A  0.35 - 0.14  0.26  0.15  0.30 
IW-03A  2.01 - 0.87  1.31  0.52  0.79 
IW-04A  5.10 - 2.62  4.35  2.47  2.14 
IW-05A  5.85 - 3.85  5.65  4.02  4.81 
IW-06A  9.78 - 7.69  3.87 - 3.38  1.25 
IW-07A  8.61 - 6.69  3.54 - 2.75  0.61 
IW-08A  4.35 - 3.14  3.60  1.48  1.42 
IW-09A  4.85 - 8.75  4.97 - 1.34  2.71 
IW-10A 14.69 -12.62  6.07 - 5.47  1.11 
IW-11A  9.69 - 8.11  3.84 - 3.72  0.36 
IW-12A  0.45 - 0.30  0.19 - 0.12  0.02 
IW-13A  2.19 - 2.28  1.68  0.23  0.22 
IW-14A  2.58 - 9.88  1.66 - 3.73  0.40 
IW-15A 13.60 -13.18  6.01 - 5.69  0.53 
IW-16A 15.07 -14.51  5.77 - 7.29  0.40 
IW-17A  4.56 - 3.29  2.01 - 1.14  0.07 
IW-18A  1.75 - 1.49  1.42  0.49  0.08 
IW-19A  4.28 - 5.15  2.89 - 0.68  0.18 
IW-20A 10.43 -10.56  5.57 - 3.52  0.30 
IW-21A 16.45 -15.51  6.62 - 7.23  0.25 
IW-22A  8.51 - 6.62  3.30 - 2.99  0.07 
IW-23A  1.35 - 0.82  0.61 - 0.20  0.01 
IW-24A  0.73 - 0.47  0.63  0.37  0.01 
IW-25A  1.94 - 1.83  1.45  0.28  0.05 
IW-26A  6.97 - 7.47  3.52 - 2.94  0.12 
IW-27A  9.44 -10.49  4.08 - 5.58  0.08 
IW-28A 12.26 -11.13  3.25 - 7.38  0.04 
IW-29A  2.40 - 1.77  0.77 - 0.97  0.01 
IW-30A  1.96 - 1.53  1.14 - 0.23  0.01 
IW-31A  2.04 - 1.65  1.10 - 0.38  0.01 
IW-32A  2.11 - 1.51  0.89 - 0.54  0   
IW-33A  2.12 - 1.59  0.64 - 0.92  0   
IW-34A  0.47 - 0.29  0.19 - 0.10  0   
IW-35A  0.45 - 0.27  0.26  0.02  0   
IW-36A  0.83 - 0.47  0.45  0    0.01 
IW-37A  1.01 - 0.58  0.49 - 0.07  0   
IW-38A  0.62 - 0.31  0.32  0.02  0   
Average  5.05 - 4.72  2.49 - 1.53  0.48 
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Table 5.  Simulated storage volume difference between hypothetical scenarios and baseline scenario in the basin 
storage area, end of 2008 stress period. 

[BSA, Basin Storage Area; Negative values, less storage volume than in baseline scenario; Positive values, greater storage 
volume than in baseline scenario]  

BSA 
index cell 

No pumping 
scenario 

Double Wichita 
pumping 
scenario 

No irrigation 
scenario 

Double Wichita 
pumping and no 

irrigation 
pumping 
scenario 

Increased phase 
1 artificial 
recharge 
scenario 

Difference in simulated storage volumes, hypothetical scenario minus baseline scenario (acre-
feet) 

1 121                    -39.6              95.2              63.9              72.3              
2 640                    -259                    506                    312                    466                    
3 557                    -233                    378                    168                    210                    
4 1,540                    -821                    1,360                    842                    728                    
5 2,060                    -1,300                    1,710                    697                    1,220                    
6 2,960                    -2,230                    1,280                    -808                    419                    
7 488                    -354                    205                    -134                    40.6              
8 1,610                    -1,220                    1,300                    455                    484                    
9 3,300                    -3,410                    2,380                    -509                    1,060                    

10 5,020                    -4,300                    2,080                    -1,870                    388                    
11 2,650                    -2,150                    1,070                    -940                    118                    
12 345                    -255                    141                    -106                    9.55             
13 970                    -1,030                    736                    74.4              108                    
14 2,980                    -3,860                    1,700                    -1,470                    264                    
15 5,340                    -5,170                    2,310                    -2,300                    210                    
16 5,100                    -4,690                    1,990                    -2,270                    126                    
17 1,820                    -1,380                    788                    -514                    29.9              
18 816                    -785                    641                    150                    40.0              
19 2,050                    -2,400                    1,310                    -504                    92.4              
20 4,060                    -4,100                    2,090                    -1,450                    115                    
21 6,340                    -5,940                    2,480                    -2,850                    91.4              
22 3,790                    -3,150                    1,450                    -1,480                    35.6              
23 521                    -346                    216                    -123                    2.91             
24 387                    -284                    322                    157                    9.86             
25 958                    -1,030                    667                    -16.3              25.0              
26 2,540                    -2,680                    1,250                    -1,070                    39.2              
27 4,600                    -4,410                    1,680                    -2,360                    37.8              
28 4,390                    -3,980                    1,250                    -2,510                    19.7              
29 910                    -681                    290                    -379                    2.65             
30 787                    -700                    416                    -204                    5.89             
31 1,080                    -931                    508                    -339                    5.23             
32 1,310                    -1,080                    419                    -607                    2.67             
33 786                    -583                    245                    -326                    1.12             
34 102                    -65.6              39.8              -24.7              0.127            
35 139                    -90.7              81.2              -0.0716           0.38             
36 247                    -153                    126                    -16.4              0.457            
37 286                    -180                    122                    -52.7              0.253            
38 117                    -61.2              60.0              0.259            0.105            

Total BSA 73,700                    -66,300                    35,700                    -22,300                    6,480                    
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In this scenario, chloride from the Arkansas River and from layers 2 and 3 from the Burrton 
plume moved farther toward the well field than in the baseline scenario (figs. 27 and 28) because the 
increase in pumping from the City wells caused increased hydraulic gradients between these areas and 
the well field. The increased hydraulic head gradient would increase groundwater-flow velocities and 
thus advective chloride transport into the well field. In layer 1, the Burrton plume did not move as far 
toward the well field in this scenario as in the baseline scenario (fig. 26), possibly because the increased 
pumping from layers 2 and 3 of the aquifer caused flow from layer 1 to layers 2 and 3, which carried 
some of the chloride into the deeper layers so it could not be transported horizontally within layer 1. 

Simulated groundwater levels and storage volumes in the BSA at the end of the 2008 stress 
period in this scenario were lower than those in the baseline scenario (tables 4 and 5). On average, water 
levels in the index wells were 4.72 ft lower in this scenario than in the baseline scenario; the largest 
difference was simulated for in IW-21, which was 15.51 ft lower in this hypothetical scenario than in 
the baseline scenario. The total simulated volume of water stored in the BSA was 66,300 acre-feet less 
in this scenario than in the baseline scenario. 

 In this hypothetical scenario, doubling the rate of the city’s pumping caused the farthest 
advancement of chloride towards and into the well field from both the Arkansas River and the Burrton 
plume (figs. 26, 27, 28). The doubling of pumping rates in 1990-1994 were nearly double the City’s 
existing water rights of about 40,000 acre-feet. This scenario may be extreme in terms of the size of the 
pumping increase, but under drought conditions the city might increase pumping form the Equus Beds 
aquifer to supplement the water supply and to conserve Cheney Reservoir. If another extended drought 
occurs and water from Cheney Reservoir is not available to meet demands, results from this simulation 
offers an example of what could occur during a drought. Alternatively, decreased pumping along the 
Arkansas River would increase groundwater levels near the river, which would decrease hydraulic 
gradients towards the well field and that action may prevent further transport of chloride into the 
southern part of the well field area. 
 

Existing Wichita Municipal Pumping and No Irrigation Pumping Scenario 
In this hypothetical scenario, chloride transport from the Arkansas River near the southern part 

of the well field and from the Burrton plume towards the WWF was slower compared to the rate 
simulated in the baseline scenario. In model layer 1, the chloride front from the Arkansas River in 
moved northward at about 590 ft/yr (70 ft/yr slower than in the baseline scenario), in layer 2 at about 
710 ft/yr (70 ft/yr slower than in the baseline scenario), and in layer 3 at about 620 ft/yr (40 ft/yr slower 
than in the baseline scenario) (table 2). The chloride front of the main body of the Burrton plume in 
layer 1 moved southeast toward the well field at a rate of about 510 ft/yr (110 ft/yr faster than in the 
baseline scenario), 100 ft/yr in layer 2 (50 ft/yr slower than in the baseline scenario), and 260 ft/yr in 
layer 3 (50 ft/yr slower than in the baseline scenario) (table 2). 

In the southern part of the WWF, chloride from the Arkansas River did not move as far north 
toward the well field in this scenario as in the baseline scenario by the end of the 2008 stress period. In 
model layer 1, the simulated chloride front moved an average of 1,350 ft farther north toward the 
southern boundary of the well field in the baseline scenario than in this scenario (fig. 26). In layer 2, the 
baseline scenario chloride front moved approximately 1,370 ft farther north than in this scenario (fig. 
27). The chloride front moved approximately 810 ft farther north in the baseline scenario than in this 
scenario by the end of the 2008 stress period in layer 3 (fig. 28). 
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The southern part of the simulated Burrton plume in all layers moved farther toward the WWF in 
this scenario than in the baseline, but in layers 2 and 3 there are parts of the plume that extended farther 
toward the well field in the baseline scenario than in this scenario (figs. 26, 27, and 28). In layer 1, in the 
southern part of the plume, the chloride front moved as much as 2,090 ft farther southeast toward the 
WWF in this scenario than in the baseline scenario (fig. 26). In layer 2, in the southern part of the 
plume, the chloride front moved approximately 2,660 ft farther southeast in this scenario in one area, 
but northeast of that area part of the chloride front moved approximately 780 ft farther south in the 
baseline scenario (fig. 27). In layer 3, part of plume extended farther southeast in this scenario, with the 
chloride front moving approximately 2,040 ft farther by the end of the 2008 stress period than in the 
baseline scenario, while in another part of the plume the chloride front in the baseline scenario moved 
1,010 ft farther east by the end of the 2008 stress period than it did in this scenario (fig. 28).  

Simulated groundwater levels and storage volumes in the BSA for the 2008 stress period in this 
scenario were higher than those simulated in the baseline scenario (tables 4 and 5). On average, water 
levels in the index wells were 2.49 ft higher in this scenario than in the baseline scenario; the largest 
difference was simulated for IW-21A, which was 6.62 ft higher in this scenario than the water level in 
the baseline scenario. The total simulated volume of water stored in the BSA was 35,700 acre-ft greater 
in this scenario than in the baseline scenario. 

For this hypothetical scenario, irrigation pumping was eliminated to test the effect that reduced 
irrigation pumping would have on the simulated groundwater flow and chloride transport. In times of 
low water availability, the irrigation withdrawals from the aquifer may need to be reduced to 
accommodate the senior water rights held by the city of Wichita. This scenario resulted in less chloride 
movement from the Arkansas River toward the southern part of the well field than what was simulated 
in the baseline scenario in all three model layers (figs. 26, 27, and 28), possibly because of less high 
chloride water being drawn into the aquifer from the river by nearby irrigation pumping, or lower 
hydraulic gradients between the river and the well field, or both. The differences in the shape and 
movement of the Burrton plume demonstrated the influence of irrigation pumping on the simulated 
chloride transport in this scenario when compared to the baseline scenario. In layer 1, the plume 
extended farther toward the well field (fig. 26) because irrigation pumping was eliminated from model 
layer 1, causing high chloride water that would have been pumped from the aquifer to remain, and 
larger hydraulic gradients between the plume area and the surrounding areas. Irrigation pumping was 
also eliminated from wells in layers 2 and 3, which may have caused less vertical chloride transport 
from layer 1 into layers 2 and 3, and thus more chloride remaining in layer 1. In layers 2 and 3, the 
differences in the plume shape simulated in this scenario and in the baseline scenario were influenced by 
the absence of pumping from wells at various locations, depths, and pumping rates, resulting in the 
plume extending farther in this scenario than baseline in some areas and the baseline extending farther 
than this scenario in other areas of the plume (figs. 27 and 28). Return flow from irrigation was 
accounted for in the model by subtracting an estimated percentage of return flow from the irrigation 
pumping rate. However, the return flows most likely enter the aquifer over a wider area than the single 
cell that a well is located in, and therefore may affect the influence that irrigation has over the 
groundwater flow and chloride transport. 

Double Wichita Municipal Pumping and No Irrigation Pumping Scenario 
In this hypothetical scenario, chloride moved from the Arkansas River and the Burrton plume 

toward the well field. The chloride front in layer 1 moved from the Arkansas River near the southern 
part of the well field north toward the well field at a rate of about 770 ft/yr (110 ft/yr faster than in the 
baseline scenario), in layer 2 at about 850 ft/yr (70 ft/yr faster than in the baseline scenario), and in layer 
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3 at about 710 ft/yr (50 ft/yr faster than in the baseline scenario) (table 2). In layer 1, the chloride front 
of the main body of the Burrton plume moved southeasterly at a rate of about 500 ft/yr (100 ft/yr faster 
than in the baseline scenario), in layer 2 at about 150 ft/yr (the same as the rate estimate in the baseline 
scenario), and in layer 3 at about 400 ft/yr (90 ft/yr faster than in the baseline scenario) (table 2). 

This scenario also resulted in simulated chloride transport from the Arkansas River further north 
in the southern part of the well field than in the baseline scenario. In layer 1, by the end of the 2008 
stress period the chloride front moved an average of 1,870 ft farther north in this scenario than in the 
baseline scenario (fig. 26). In layer 2, by the end of the 2008 stress period the chloride front moved an 
average of 1,240 ft farther north in this scenario than in the baseline scenario (fig. 27). In layer 3, by the 
end of the 2008 stress period the chloride front moved an average of 730 ft farther north in this scenario 
than in the baseline scenario (fig. 28). 

The Burrton plume moved farther in the direction of the well field in this scenario than in the 
baseline scenario. In layer 1, by the end of the 2008 stress period the chloride front moved as much as 
1,740 ft farther southeast toward the well field in this scenario than in the baseline scenario (fig. 26). In 
layer 2, by the end of the 2008 stress period the chloride front moved as much as 930 ft farther southeast 
in this scenario than in the baseline scenario (fig. 27). In layer 3, by the end of the 2008 stress period the 
chloride front moved as much as 2,040 ft farther southeast in this scenario than in the baseline scenario 
(fig. 28). 

The lack of irrigation pumping in this scenario contributed to the movement of the plume in the 
same way as in the no irrigation scenario with existing municipal pumping, but the double Wichita 
municipal pumping from the well field of this scenario caused the plume to travel farther toward the 
well field in the deeper layers (figs. 27 and 28). The plume did not extend as far toward the well field in 
layer 1 in this scenario as in the no irrigation with existing Wichita municipal pumping scenario (fig. 
26), possibly because of increased movement of chloride in the plume from the shallow layer into the 
deeper layers. 

Simulated groundwater levels and storage volume in the BSA for the 2008 stress period for this 
scenario generally were lower than those in the baseline scenario (tables 4 and 5). On average, water 
levels in the index wells were 1.53 ft lower in this scenario than in the baseline scenario, with the 
maximum difference in IW-28A, which was 7.38 ft lower than in the baseline scenario. The total 
simulated volume of water stored in the BSA was 22,300 acre-ft less in this scenario than in the baseline 
scenario.  

Simulated Effects of Increased Phase 1 Artificial Recharge 
In this hypothetical scenario, 2,300 acre-ft per year of additional artificial recharge were applied 

to the ASR Phase 1 sites (fig 2). This value is based on the amount of water that the water-treatment 
plant can return and an estimated likely number of days per year the plant will be operated (Michael 
Jacobs, city of Wichita, oral commun., 2013). Dividing the 2,300 ac-ft/yr uniformly between the six 
sites increased water levels in the recharge basins above land surface, and far above the water levels of 
surrounding model cells. This indicated that the amount of recharge applied to those sites could not flow 
out of the recharge basin model cells as quickly as it was added. Consequently, an average of the 
artificial recharge rates in each basin from the 2007 and 2008 stress period in the baseline scenario was 
added to the recharge basins in this scenario for each stress period from 1990 through 2006 (with no 
additional recharge added to the basins in 2007 and 2008), and whatever remained of the 2,300 ac-ft/yr 
was divided evenly among the four injection wells (table 6).  
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Table 6.  Simulated artificial recharge rates for the Phase 1 sites in the increased artificial recharge scenario. 

Year 
(Stress 
period) 

Artificial recharge site 

RRW-11 RRW-21 RRW-31 RRW-41 RB-12 RB-22 

Recharge rate in increased artificial recharge scenario (acre-feet 
per year) 

1990 515.7 515.7 515.7 515.7 54.7 182.6 

1991 515.7 515.7 515.7 515.7 54.7 182.6 

1992 515.7 515.7 515.7 515.7 54.7 182.6 

1993 515.7 515.7 515.7 515.7 54.7 182.6 

1994 515.7 515.7 515.7 515.7 54.7 182.6 

1995 515.7 515.7 515.7 515.7 54.7 182.6 

1996 515.7 515.7 515.7 515.7 54.7 182.6 

1997 515.7 515.7 515.7 515.7 54.7 182.6 

1998 515.7 515.7 515.7 515.7 54.7 182.6 

1999 515.7 515.7 515.7 515.7 54.7 182.6 

2000 515.7 515.7 515.7 515.7 54.7 182.6 

2001 515.7 515.7 515.7 515.7 54.7 182.6 

2002 515.7 515.7 515.7 515.7 54.7 182.6 

2003 515.7 515.7 515.7 515.7 54.7 182.6 

2004 515.7 515.7 515.7 515.7 54.7 182.6 

2005 515.7 515.7 515.7 515.7 54.7 182.6 

2006 515.7 515.7 515.7 515.7 54.7 182.6 

2007 702.8 795.8 815.2 884.9 53.5 168.9 

2008 685.3 769.5 765.1 808.2 56.0 196.4 
1 Injection well 

     2 Recharge basin 
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For this hypothetical scenario, the chloride transport from the Arkansas River near the southern 
part of the well field is similar to that of the baseline scenario. The distance between the chloride fronts 
of this scenario and baseline scenarios at the end of the 2008 stress period averaged less than 20 ft in the 
area near the southern boundary of the WWF. Because the distance between the chloride fronts was so 
small, the estimated rate of movement of the chloride front toward the southern part of the well field 
from the Arkansas River was the same in this scenario as it was in the baseline scenario (table 2).  

In the Burrton area, the chloride front in layer 1 moved southeasterly toward the well field at a 
rate of about 430 ft/yr (30 ft/yr faster than in the baseline scenario), in layer 2 at about 140 ft/yr (10 ft/yr 
slower than in the baseline scenario), and in layer 3 at about 250 ft/yr (60 ft/yr slower than in the 
baseline scenario) (table 2).The eastward movement of the Burrton plume was slowed by the simulation 
of additional artificial recharge at the Phase 1 sites. Simulated water levels were higher around the 
Phase 1 sites because of the increased artificial recharge, which caused the hydraulic gradient between 
the plume and the Phase 1 sites to decrease, thereby reducing the groundwater-flow velocity and 
advective transport in that direction. In layer 1, the chloride front in the baseline scenario was as much 
as about 630 ft farther east than in this scenario at the end of the 2008 stress period (fig. 29). In layer 2, 
the chloride front in the baseline scenario was as much as about 860 ft farther east than in the increased 
artificial recharge scenario by the end of the 2008 stress period (fig. 30, table 2). In layer 3, the chloride 
front in the baseline scenario was as much as about 890 ft farther east than in this scenario by the end of 
the 2008 stress period (fig. 31, table 2). 

Simulated groundwater levels and storage volume in the BSA were higher in this scenario than 
in the baseline scenario (tables 4 and 5). On average, water levels in the index wells were 0.48 ft higher 
in this scenario than in the baseline scenario, with the maximum difference of 4.81 ft higher in IW-05A. 
The total storage volume in the BSA was 6,480 acre-ft greater in this scenario than in the baseline 
scenario at the end of the 2008 stress period.  

The simulation of this scenario demonstrates the effect of increased artificial recharge at the 
Phase 1 sites on the transport of chloride from the Burrton plume. Parts of the simulated Burrton plume 
that came nearest to Phase 1 recharge sites did not move as far east toward the well field in this scenario 
as in the baseline scenario (figs. 29, 30, and 31). Simulated water levels near the Phase 1 sites increased 
to less than 10 ft below land surface, which is above the regulatory limit set by KDHE in the city’s 
underground injection permit. The water level at RB2 (fig. 2) increased above ground surface in the 
1993 stress period and remained above ground through the 2008 stress period, indicating that the rate of 
water flowing into the cell where the site is located was greater than the rate that water could flow into 
the adjacent cells. However, water has historically been recharged at this site and the water infiltrated 
into the aquifer; consequently, the discrepancy between simulated and observed water levels indicate 
changes to the groundwater-flow model at recharge basins are needed. 
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Figure 29. Simulated 250-milligram per liter (mg/L)-chloride fronts near Burrton, Kansas for baseline and increased 
Phase 1 artificial recharge scenarios, end of 2008 stress period, model layer 1. 
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Figure 30. Simulated 250-miligram per liter (mg/L)-chloride fronts near Burrton, Kansas for baseline and increased 
Phase 1 artificial recharge scenarios, end of 2008 stress period, model layer 2. 
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Figure 31. Simulated 250-milligram per liter (mg/L)-chloride fronts near Burrton, Kansas for baseline and increased 
Phase 1 artificial recharge scenarios, end of 2008 stress period, model layer 3. 
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Summary and Conclusions 
The Equus Beds aquifer is a primary water-supply source for the city of Wichita, Kansas. Water 

level declines because of municipal and agricultural pumping and periodic drought conditions have led 
to concern about the adequacy of the aquifer as a future water supply for Wichita. Chloride migration 
toward Wichita’s central well field is another concern. Sources of chloride include oil-field brines that 
leaked from surface disposal pits and injection wells in the Burrton oil field area, municipal wastewater 
facility discharges, and mineralized water from the underlying Wellington Formation, and the high 
chloride waters from the Arkansas River to the southwest of the well field. In order to increase the 
volume of water stored in the aquifer and to protect the water quality from the chloride threats, in 2006 
the city of Wichita began construction of the Equus Beds Aquifer Storage and Recovery project, to 
artificially recharge excess surface water flow from the Little Arkansas River into the aquifer for later 
recovery and to form a hydraulic barrier to retard movement of chloride in a brine plume near Burrton, 
Kansas. 

In 2009, the USGS, in cooperation with the city of Wichita and as part of the Equus Beds 
Aquifer Storage and Recovery project, began a study to determine groundwater flow in the area between 
the Arkansas and Little Arkansas Rivers, which includes the Wichita well field and chloride transport 
from the Arkansas River and the Burrton oil field to the Wichita well field. A groundwater-flow model 
was developed using MODFLOW. Chloride transport was simulated for the Equus Beds aquifer using 
SEAWAT, a computer program that combines the groundwater-flow model MODFLOW-2000 and the 
solute-transport model MT3DMS. Chloride transport in the Equus Beds aquifer was simulated between 
the Arkansas and Little Arkansas Rivers near the Wichita well field. The chloride-transport model was 
used to simulate the period from 1990 through 2008 and the effects of five well pumping scenarios and 
one artificial recharge scenario. The chloride distribution in the aquifer for the beginning of 1990 was 
interpolated from groundwater samples from around that time, and the chloride concentrations in rivers 
for the study period were interpolated from surface water samples. 

The SEAWAT model was used to compare chloride transport and groundwater flow between the 
existing-pumping and artificial-recharge scenario, four hypothetical well-pumping scenarios, and one 
hypothetical artificial-recharge scenario. The scenarios tested were (1) the existing 1990 through 2008 
pumping and artificial recharge conditions, to serve as a baseline scenario for comparison with others; 
(2) no pumping in the model area, to demonstrate the chloride movement without the influence of well 
pumping; (3) double Wichita municipal pumping from the Wichita well field with existing irrigation 
pumping; (4) existing Wichita  municipal pumping with no irrigation pumping in the model area; (5) 
double Wichita municipal pumping in the Wichita well field and no irrigation pumping in the model 
area; and (6) increasing artificial recharge to the Phase 1 Artificial Storage and Recovery project sites by 
2,300 acre-ft per year.  

In the existing pumping scenario, in the area between the Arkansas River and the southern 
boundary of the well field, the simulated chloride front moved north at an average rate of approximately 
660 ft/yr in the shallow layer (layer 1), 780 ft/yr in the middle layer (layer 2), and 660 ft/yr in the deep 
layer (layer 3). The simulated 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.  

In the no pumping scenario, chloride from the Arkansas River and the Burrton plume moved 
toward the Wichita well field. The 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 layer 1 (160 
ft/yr slower than in the baseline scenario), 570 ft/yr in layer 2 (210 ft/yr slower than in the baseline 
scenario), and 510 ft/yr in layer 3 (150 ft/yr slower than in the baseline scenario). The simulated 
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chloride front in the Burrton plume moved southeast toward the well field at a rate of approximately 520 
ft/yr in layer 1 (120 ft/yr faster than in the baseline scenario), 70 ft/yr in layer 2 (80 ft/yr slower than in 
the baseline), and 190 ft/yr in layer 3 (120 ft/yr slower than in the baseline scenario). 

In the double Wichita municipal pumping, existing irrigation pumping scenario, chloride from 
the Arkansas River and from the Burrton plume moved toward the Wichita well field. The simulated 
chloride front from the Arkansas near the southern part of the well field moved north toward and into 
the well field at an approximate rate of 810 ft/yr in layer 1 (150 ft/yr faster than in the baseline 
scenario), 870 ft/yr in layer 2 (90 ft/yr faster than in the baseline scenario), and 740 ft/yr in layer 3 (80 
ft/yr faster than in the baseline scenario). The simulated chloride front in the main body of the Burrton 
plume moved southeast towards the well field at a rate of approximately 350 ft/yr in layer 1 (50 ft/yr 
slower than in the baseline scenario), 210 ft/yr in layer 2 (60 ft/yr faster than in the baseline scenario), 
and 440 ft/yr in layer 3 (130 ft/yr faster than in the baseline scenario). 

In the existing Wichita municipal pumping and no irrigation pumping scenario, chloride from 
the Arkansas River near the southern part of the well field and from the Burrton plume moved toward 
the Wichita well field. The simulated chloride front from the Arkansas River moved north at an 
approximate rate of 590 ft/yr in layer 1 (70 ft/yr slower than in the baseline scenario), 710 ft/yr in layer 
2 (70 ft/yr slower than in the baseline scenario), and 620 ft/yr in layer 3 (40 ft/yr slower than in the 
baseline scenario). The simulated chloride front of the main body of the Burrton plume moved southeast 
toward the well field at a rate of approximately 510 ft/yr in layer 1 (110 ft/yr faster than in the baseline 
scenario), 100 ft/yr in layer 2 (50 ft/yr slower than in the baseline scenario), and 260 ft/yr in layer 3 (50 
ft/yr slower than in the baseline scenario). 

In the double Wichita municipal pumping and no irrigation pumping scenario, chloride from the 
Arkansas River and the Burrton plume moved toward the well field. The simulated chloride front from 
the Arkansas River near the southern part of the well field moved north toward and into the well field at 
an average rate of approximately 770 ft/yr in layer 1 (110 ft/yr faster than in the baseline scenario), 850 
ft/yr in layer 2 (70 ft/yr faster than in the baseline scenario), and 710 ft/yr in layer 3 (50 ft/yr faster than 
in baseline scenario). The simulated chloride front of the main body of the Burrton plume moved 
southeast at an average rate of approximately 500 ft/yr in layer 1 (100 ft/yr faster than in the baseline 
scenario), 150 ft/yr in layer 2 (the same as the rate estimate in the baseline scenario), and 400 ft/yr in 
layer 3 (90 ft/yr faster than in the baseline scenario). 

In the increased Phase 1 artificial recharge scenario, the chloride transport from the Arkansas 
River near the southern part of the well field was similar to that of the baseline scenario. The simulated 
chloride front moved at the same rate in the increased Phase 1 artificial recharge scenario as in the 
baseline scenario. In the Burrton area, the simulated chloride front moved southeast toward the well 
field at an approximate average rate of 430 ft/yr in layer 1 (30 ft/yr faster than in the baseline scenario), 
140 ft/yr in layer 2 (10 ft/yr slower than in the baseline scenario), and 270 ft/yr in layer 3 (60 ft/yr 
slower than in the baseline scenario). The eastward movement of the Burrton plume was slowed by the 
additional artificial recharge at the Phase 1 sites. 

The average of simulated water levels from the end of the 2008 stress period in index monitoring 
wells in the Basin Storage Area was calculated for each scenario. Compared to the baseline scenario, the 
no pumping scenario was 5.05 feet higher, the double Wichita pumping with existing irrigation scenario 
was 4.72 feet lower, the no irrigation pumping with existing Wichita municipal pumping scenario was 
2.49 feet higher, the double Wichita municipal pumping with no irrigation scenario was 1.53 feet lower, 
and the increased Phase 1 artificial recharge scenario was 0.48 feet higher. 

The groundwater flow was simulated with a preexisting groundwater-flow model, which was not 
altered to calibrate the solute-transport model to observed chloride-concentration data. Therefore, in 
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some parts of the model area, simulated and observed chloride concentration data match poorly. Most 
notably, chloride from the Arkansas River southwest of the well field moved northeast at a higher rate 
than the data indicate, and the simulated chloride front entered the most southern part of the well field in 
all scenarios simulated. Compared to the observed location of the chloride front interpreted from data 
collected in 2011, in the Arkansas River area the simulated chloride front moved from the river toward 
the well field about twice the rate of the chloride front interpreted from observed concentrations in layer 
1 and about four times the rate of the chloride front interpreted from observed concentrations in layer 3. 
Achieving a better agreement between simulated and observed chloride data in the chloride-transport 
model may require changes to the groundwater-flow model. Future updates and recalibrations of the 
groundwater-flow and chloride-transport model will allow for changes in the groundwater-flow model 
parameters, including hydraulic conductivity, riverbed properties, and effective porosity, to 
accommodate the chloride-transport model in places where the chloride-transport model fit indicates 
problems with the groundwater flow.  

Results of the modeling scenarios indicate that the Burrton chloride plume will continue moving 
toward the well field regardless of pumping in the area and that one alternative is to increase pumping 
from within the plume area to reverse the flow gradients and remove the plume. The modeling scenarios 
also indicate that the eastward movement of the Burrton plume could be slowed by additional artificial 
recharge at the Phase 1 sites. Decreasing pumping along the Arkansas River or increasing water levels 
in the aquifer near the river may retard the movement of chloride and may prevent further encroachment 
into the southern part of the well field area. 
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Appendix 1. – Videos of the Simulated Chloride Fronts where Concentrations 
Reach 250 Milligrams per Liter, Equus Beds aquifer, Model Layers 1, 2, and 3, 
Stress Periods 1990-2008 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ISSN 2331-1258 (online) 
http://dx.doi.org/10.3133/of20141162 

http://pubs.er.usgs.gov/publication/wri994250
http://pubs.er.usgs.gov/publication/sir20105023

	Contents
	Conversion Factors
	Abstract
	Introduction
	Purpose and Scope
	Description of Study Area
	Sources of Chloride in the Study Area
	Previous Investigations
	Aquifer Storage and Recovery Project
	Geology
	Surface Water
	Hydrology and Groundwater Flow
	Groundwater Levels
	Groundwater-Flow and Chloride-Transport Directions in the Equus Beds Aquifer

	Methods Used to Simulate Groundwater Flow and Chloride Transport
	Description of the Groundwater-Flow Model
	Description of Chloride-Transport Model
	Modifications to Groundwater-Flow Model for Use with the Chloride-Transport Model
	Chloride Sources and Sinks
	Chloride Concentrations in Groundwater used for the Initial Conditions in the Chloride-Transport Model
	Observed Chloride Concentrations

	Analysis of Simulated Chloride-Concentration and Head Data
	Model Limitations

	Description of Preliminary Simulation of Chloride Transport in the Equus Beds Aquifer with Existing Well Pumping and Artificial Recharge
	Comparison of Observed Chloride Concentrations from 1990 through 2008 to Simulated Chloride Concentrations from the Baseline Scenario
	Potential Improvements to the Groundwater-Flow Model

	Simulated Effects of Hypothetical Well-Pumping and Artificial-Recharge Scenarios on Groundwater Flow and Chloride Transport
	No Pumping Scenario
	Double Wichita Municipal Pumping and Existing Irrigation Pumping Scenario
	Existing Wichita Municipal Pumping and No Irrigation Pumping Scenario
	Double Wichita Municipal Pumping and No Irrigation Pumping Scenario
	Simulated Effects of Increased Phase 1 Artificial Recharge

	Summary and Conclusions
	References Cited
	Appendix 1. – Videos of the Simulated Chloride Fronts where Concentrations Reach 250 Milligrams per Liter, Equus Beds aquifer, Model Layers 1, 2, and 3, Stress Periods 1990-2008


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 100
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 100
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (Custom)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'usgsWebReport'] )
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines true
        /ConvertTextToOutlines false
        /GradientResolution 150
        /LineArtTextResolution 300
        /PresetName ([Medium Resolution])
        /PresetSelector /MediumResolution
        /RasterVectorBalance 0.750000
      >>
      /FormElements true
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


