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Introduction
The Kansas Water Resources Institute is part of a national network of water resources institutes in every state
and territory of the U.S. established by law in the Water Resources Research Act of 1964. The network is
funded by a combination of federal funds through the U.S. Department of the Interior/Geological Survey
(USGS) and non−federal funds from state and other sources. KWRI is administered by the Kansas Center for
Agricultural Resources and the Environment (KCARE) at Kansas State University. An Administrative
Council comprised of representatives from participating higher education or research institutions, state
agencies, and federal agencies assists in policy making. The mission of KWRI is to: 1) develop and support
research on high priority water resource problems and objectives, as identified through the state water
planning process; 2) facilitate effective communications among water resource professionals; and 3) foster the
dissemination and application of research results. We work towards this mission by: 1) providing and
facilitating a communications network among professionals working on water resources research and
education, through electronic means, newsletters, and conferences; and 2) supporting research and
dissemination of results on high priority topics, as identified by the Kansas State Water Plan, through a
competitive grants program.

Introduction
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Research Program Introduction
Our mission is partially accomplished through our competitive research program. We encourage the following
through the research that we support: interdisciplinary approaches; interagency collaboration; scientific
innovation; support of students and new young scientists; cost−effectiveness; relevance to present and future
water resource issues/problems as identified by the State Water Plan; and dissemination and interpretation of
results to appropriate audiences. In implementing our research program, KWRI desires to: 1) be proactive
rather that reactive in addressing water resource problems of the state; 2) involve the many water resources
stakeholders in identifying and prioritizing the water resource research needs of the state; 3) foster
collaboration among state agencies, federal agencies, and institutions of higher education in the state on water
resource issues; 3) leverage additional financial support from state, private, and other federal sources; and 4)
be recognized in Kansas as a major institution to go to for water resources research.

Research Program Introduction
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PROBLEM AND RESEARCH OBJECTIVES
Low streamflows are an increasing problem in Kansas and other areas of the United
States. As a result, smaller amounts of water are available for diversions to water supplies and
wetlands, for inflows to reservoirs, for capture by wells in nearby aquifers, for sustaining aquatic
wildlife, and for recreation. Stream-aquifer interactions play an important role in the generation
and maintenance of low streamflows. Ground-water development in regional aquifers that
discharge water to stream corridors and in alluvial aquifers immediately adjacent to streams is
often a major factor responsible for low-flow periods. However, consumption of ground water
by phreatophytes in riparian zones could also be an important contributor to reduction of stream
flow. Recently, partly in response to concerns about water consumption, expensive measures for
phreatophyte control have been advocated for stretches of rivers in western Kansas.
Present understanding of phreatophyte activity in stream-aquifer systems in Kansas is
insufficient to assess the magnitude of that activity. This project is directed at refining
methodologies for quantitative assessment of phreatophyte activity, and utilizing those methods
to assess water savings as part of a demonstration of salt-cedar control measures along the
Cimarron River. Specifically, the major objectives for the project are to 1) refine methodologies
for quantifying the consumption of ground water by phreatophytes, and 2) use these methods to
determine ground-water savings produced by control of invasive phreatophytes (salt cedar and
Russian olive) along a portion of the Cimarron River in Kansas. An auxiliary objective of this
work is to gather a detailed data set on the major fluxes in stream-aquifer systems that can serve
as the basis for research proposals on the quantitative assessment of stream-aquifer interactions
in settings common to the Great Plains.
The six activities proposed for the fifth year of this project were as follows:
1. Monitoring of water levels and meteorologic parameters at the Ashland Research Site;
2. Monitoring of vadose-zone moisture during the growing season at the Ashland site using
the neutron probe;
3. Monitoring of plant functioning and characterization of the root distribution at the Ashland
site;
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4. Assessing the rate of ground-water consumption by shallow-rooted vegetation and direct
evaporation from the water table at the Ashland site;
5. Modeling water flow in response to evapotranspirative consumption of ground water in the
vicinity of selected wells at the Ashland site;
6. Reassessing the ground-water savings obtained through phreatophyte-control efforts at the
Ashland site.
Less progress than anticipated was made on these activities in year five because of a
heavy emphasis on information transfer, so a no-cost extension was requested and has been
approved. This report will detail progress through the end of the reporting period (February 29,
2008). These activities are ongoing and will be described more fully in a later report and in
manuscripts that are currently under preparation or in review.
METHODOLOGY
The work described
in this report is being carried
out by a Kansas Geological
Survey (KGS) and Kansas
State University (KSU)
research team at a KGS/
KSU research site, the
Ashland Research Site
(ARS), located along the
Cimarron River south of
Ashland in southwest Kansas
(Figure 1). The KGS/KSU
research team focused on the
Larned Research Site (LRS)
along the Arkansas River in
west-central Kansas in the
first two years of the project
and then expanded the scope
of the project in year three to
Figure 1 – Location map for sites used in this study.
include the ARS. The
vegetation at the LRS is
dominated by phreatophytes
that are considered to be native to the Arkansas River riparian zone (cottonwood, willow, and
mulberry), while the ARS is dominated by invasive phreatophytes (salt cedar and Russian olive).
In the fifth year of the project, the KWRI component of the research team’s work was solely
focused on activities at the ARS.
A series of shallow wells have been installed at the ARS to monitor the position of the
water table through time (Butler et al., 2005). All wells are equipped with integrated pressure
transducer/datalogger units (five absolute pressure MiniTrolls and one absolute pressure Troll
9000, In-Situ, Inc.) that are programmed to take pressure-head readings every 15 minutes. Since
riparian-zone wells can be overtopped during periods of high stream flow (one well at the ARS
has been overtopped in the course of this project and one nearly so), absolute pressure sensors
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Absolute Pressure Head (meters H2O)

Depth to Water (m below lsf)

Well Ash12
are used at all six wells at the ARS
June 6-16, 2006
instead of the standard gauge-pressure
13.1
1.1
sensors. The absolute-pressure sensors
measure the pressure exerted both by the
1.15
height of the overlying column of water
13
in the well and by the atmosphere. The
1.2
atmospheric pressure component is
12.9
removed using data from a barometer at
the site. Figure 2 displays records from an
1.25
absolute-pressure sensor at the ARS prior
12.8
to and after the barometric pressure
1.3
correction. Manual measurements of
12.7
water levels in the monitoring wells are
1.35
taken biweekly during the summer and
bimonthly otherwise to assess the
12.6
1.4
performance of the pressure sensors and,
Absolute pressure sensor - raw data
Depth to water - post correction
if necessary, to adjust the calibration
parameters. Three barometers are
1.45
12.5
6/2/06 6/4/06 6/6/06 6/8/06 6/10/06 6/12/06 6/14/06 6/16/06
maintained at the ARS, one of which is
Date (tick mark at midnight)
designated the site reference, to ensure
data collection is not impacted by failure Figure 2 - Barometric pressure correction at ARS well Ash12.
of a barometer. Barometer performance is
assessed through a comparison of the three site barometers. In addition, a handheld barometer
(Kestrel 3500 Pocket Weather Meter, Nielsen Kellerman Inc.) is used to assess sensor
performance during site visits. The specific conductance and temperature of ground water are
recorded at the same time interval as pressure head in one ARS wells using an integrated
multiparameter probe/datalogger unit (Troll 9000, In-Situ, Inc.).
A neutron-probe access tube has been installed adjacent to each of the wells at the ARS,
so that volumetric water content can be measured at biweekly intervals during the growing
season. Measurements in the access tubes are recorded with a neutron probe (Model 503 DR
Hydroprobe Moisture Depth Gauge; Campbell Pacific Nuclear) using a count duration of 16 s
and depth increments of either 0.076 m or 0.152 m (0.25 or 0.5 ft). At the start of the project, a
depth increment of 0.152 m was used for the entire 3.048 m (10 ft) spanned by the access tubes.
In mid-summer 2005, a finer depth increment of 0.076 m was used from 0.152-0.914 m (0.5-3 ft)
below land surface to better resolve the profiles in the vicinity of the water table. Standard counts
are recorded in the field both prior to and after access tube measurements. The mean standard
count for the duration of the study is used to convert each measured count to a count ratio (CR).
The volumetric water content (m3 m−3), θ, corresponding to each measured count ratio is
calculated with the calibration equation θ = 0.2929 × CR − 0.0117, which is based on laboratory
calibrations and an adjustment for PVC pipe.
A weather station (Hobo Weather Station logger and sensors, Onset Computer Corp.) was
in operation at the ARS throughout the reporting period. The weather station is equipped with
sensors to measure precipitation, air temperature, relative humidity, global irradiance (direct and
diffuse solar irradiance), wind speed and direction, and barometric pressure. Data are averaged
(air temperature, global irradiance, barometric pressure, and wind speed and direction) or
summed (precipitation) and logged at a 15-minute interval. The only exception is the relative

humidity sensor, which provides a single measurement at the end of the 15-minute interval.
Potential evapotranspiration is calculated from the meteorologic data using the Penman-Monteith
equation (Allen et al., 1998).
Development of steady periodic analytical solutions for water-table fluctuations produced
by periodic forcing (e.g., diurnal variations in evapotranspiration) continued throughout year
five. These solutions were used to assess the impact of phreatophyte-control activities and uncut
phreatophytes on water-table fluctuations measured in the ARS wells. In addition, new solutions
were developed for conditions common to both the ARS and LRS.
Additional funding was made available to project investigators in year five by the KGS
for the purpose of continuing cooperative research in ecohydrology with a plant physiologist at
the University of Kansas (Joy Ward) and her postdoc (Jesse Nippert). During the first four
months of year five, the KGS provided salary to Nippert to allow him to work with the research
team to complete a manuscript on
the plant physiology measurements
0.75
acquired in the summer of 2006.
That work continued on an unfunded
0.8
basis through the remainder of year
five. In the fall semester of 2007,
0.85
Nippert started as an assistant
professor in the Division of Biology
0.9
at Kansas State University. Given
his proximity to the research team,
Date (major tick mark at midnight)
0.95
we anticipate that the cooperation
that began under the auspices of this
1
Ppt.
project will continue.
0.99

MAJOR ACTIVITIES AND
PRINCIPAL FINDINGS
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The principal findings of the
fifth year of the project will be
briefly discussed in the context of
the six activities proposed for year
five:
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Figure 3 – Depth to water from land surface recorded at ARS well
Ash22 from 8/20-10/22/04 (from Butler et al., 2007). Inset is
expanded view of five days from the record. Rises in the water
table after 9/21 are primarily due to rises in river stage produced by
seasonal decreases in upstream irrigation pumping and plant water
use, and by upstream precipitation (only the two precipitation
events marked on the figure [Ppt.] occurred at the site and neither
exceeded a total of 0.01 m; first frost did not occur until 11/3).

Activity 1: Monitoring of water
levels and meteorologic parameters
at the Ashland Research Site –
Pressure-head measurements were
obtained at 15-minute intervals at all
six wells at the ARS, while
meteorologic parameters were
measured at 15-minute intervals at the ARS weather station. Except for battery failures at two
wells in the late spring (Ash11) and late fall (Ash11 and Ash12) of 2007, the monitoring
equipment worked well in year five. A paper primarily based on
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Figure 4 - Depth to water from land surface recorded at ARS well
Ash11 from 8/20/04 - 4/2/08. Note the periods of missing data
due to battery failure.
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the LRS and ARS data collected during
this project was published in the journal
Water Resources Research at the end of
year four (Butler et al., 2007). Figure 3
is a figure from that paper that displays
the diurnal water-table fluctuations
typical of those observed during the
growing season in five of the six wells
at the ARS (all but well Ash32)
throughout this project.
Figures 4-6 are plots of depth to
water versus time (henceforth, well
hydrographs) recorded at three of the
ARS wells from the start of monitoring
at the ARS to one month after the
completion of year five. Ash11 (Figure
4) had the largest variation in watertable elevation over this period (1.335
m) due to its location in a low-lying area
prone to flooding near the river channel.
Although absolute-pressure sensors
were used in all wells to avoid sensor
failure resulting from well overtopping
during high flows of the Cimarron
River, only well Ash11 was overtopped
during this period (see mid-June 2005
and early spring 2007 peaks on Figure
4).
The well hydrographs for this
period show a consistent pattern of
water- table highs in the winter and
spring and water-table lows in the
summer and early fall. Although there
is no stream gage at the ARS, the
hydrograph at well Ash11 should
provide a reasonable depiction of stage
changes in the adjacent Cimarron River.
The Ash11 hydrograph is characterized
by many abrupt and short-lived changes
in water level that are reflective of
transient stage changes in the river.
These stage-induced changes in water
level are dampened and broadened as
they propagate through the aquifer to the
other wells. The Ash32 hydrograph

Date (tick mark at midnight)
Figure 5 - Depth to water from land surface recorded at ARS well
Ash22 from 8/20/04 to 4/2/08. Thick red lines indicate periods
used in analyses described in report.
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(Figure 6) reveals that many of the short-lived changes are difficult to discern at distance from
the river.
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Figure 6 - Depth to water from land surface recorded at ARS well
Ash32 from 8/20/04 to 4/2/08.
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Activity 2: Monitoring of vadose-zone moisture during the growing season at the Ashland site
using the neutron probe – Volumetric water content was monitored biweekly during the growing
season at six locations (adjacent to monitoring wells) at the ARS, as in the previous years of this
project. The calculated volumetric water contents are subject to revision because of the possible
sensitivity of the neutron probe results to soil salinity. As shown by the direct-push electrical
conductivity (EC) logs presented in Butler et al. (2005), the soils at the ARS have very high EC
readings as a result of near-surface soil salinity, which may have affected the results of the
neutron logging. An assessment of the impact of the soil salinity at the ARS on the neutron log
results was originally planned for the fifth year. However, this assessment has been postponed
until the 2009 field season.
Figures 7-10 provide examples of the data that were obtained at the ARS with the neutron
probe. These four profiles were selected for display because water-level data from the adjacent
wells are used in the analyses discussed in Activity 6. At all four well sites, the volumetric water
contents from the 8/10/06 profiles were among the lowest measured over the project period, a
reflection of the severity of the 2006 drought at the ARS. Although the presented profiles may
be influenced by salinity as indicated in the previous paragraph, the total porosity values below
the water table appear reasonable at all of the ARS access tubes. Note the great similarity
between all but one of the profiles acquired from the Ash31 access tube. This agreement most
likely is due to the shallow depth to water and the fine near-surface sediments in the vicinity of
well Ash31.
As discussed in the year four report, the neutron-probe data provide valuable information
about vertical and temporal changes in volumetric water content. However, the coarse
resolution, in both time and space, does limit the insights that can be obtained from these data.
An important emphasis of year four was the investigation of the capability of a new generation of
capacitance probes (ECH2O-TE, Decagon, Inc.) to provide measurements of volumetric water
content at the same 15-minute interval as the water-level and meteorological sensors, even in the
presence of the high soil and water salinity at the ARS. Unfortunately, as described in the year
four report, the capacitance probes were unable to provide reliable volumetric water content
measurements at the ARS. The research team is continuing to explore options for obtaining
higher resolution (time and space) measurements of volumetric water content in the presence of
near-surface salinity.

Activity 3: Monitoring of plant functioning and characterization of the root distribution – The
major emphasis of this activity in year five was on completing a manuscript on the plantphysiology, hydrologic, and meteorologic measurements taken during the summer drought of
2006. As described in the year four report, the 2006 growing season was one of the hottest and
driest on record for the Ashland area. The high maximum daily air temperature (Tmax) and low
precipitation during 2006 were comparable to the great droughts of the 1930’s. Thus, data
collected in the summer of 2006 presented a valuable opportunity for the research team to
examine the vegetation and hydrologic responses to drought conditions. Further details can be
found in Nippert et al. (2007, in review).
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Figure 7 – Volumetric water content versus depth plot from neutron-probe access tube adjacent
to well Ash12 for selected periods during the project. The vertical black line displays the range
of water-table positions over the entire project period.
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Water Content Profiles
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Figure 8 – Volumetric water content versus depth plot from neutron-probe access tube adjacent
to well Ash21 for selected periods during the project. The vertical black line displays the range
of water-table positions over the entire project period.
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Water Content Profiles
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Figure 9 – Volumetric water content versus depth plot from neutron-probe access tube adjacent
to well Ash22 for selected periods during the project period. The vertical black line displays the
range of water-table positions over the entire project period.
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Water Content Profiles
Ash31 Access Tube
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Figure 10 – Volumetric water content versus depth plot from neutron-probe access tube adjacent
to well Ash31 for selected periods during the project. The vertical black line displays the range
of water-table positions over the entire project period.
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Activity 5: Modeling water flow in response to evapotranspirative consumption of ground water
in the vicinity of selected wells at the Ashland site – This activity was a major focus of year five.
As described in previous reports (e.g., Butler et al., 2005), the ARS is subdivided into four plots
of approximately four hectares each in which different salt-cedar control measures are being
applied. Control measures are not used in Plot 1 (wells Ash11 and Ash12) so that data unaffected
by those measures can be obtained throughout the project. Water-level data collected prior to any
control activities clearly indicate that the magnitude of the water-table fluctuations is highly
dependent on the apparent vitality of the phreatophyte community in the vicinity of each well
(Butler et al., 2005, 2007, 2008). Salt-cedar control measures began to be implemented at the
ARS in March of 2005. At that time, Plots 2-4 were clear cut except for circles ranging from 2030 m in radius, centered at each well. The radii of those circles of vegetation were progressively
reduced through repeated cuttings in the summer of 2005 until the vegetation circles were
completely removed on August 9, 2005 (Butler et al., 2008). Only the invasive phreatophytes
were cut at the site; grasses, forbs, and low-lying bushes were largely unaffected. A chemical
treatment (Remedy and diesel-fuel mix) was applied to the salt-cedar regrowth in Plot 2 (wells
Ash21 and Ash22) following the cutting, but no chemical treatment was applied in Plot 3 (wells
Ash31 and Ash32).
Comparison of Well Ash12
Comparison of Well Ash12
Water levels,
and Well Ash22 - Pre-Cut
and Well Ash22 - Post-Cut
volumetric water
1.3
1.28
Ash22
- well in area with cutting
Ash22 - well in area with cutting
content, and
and chemical treatment
and chemical treatment
1.06
meteorological
1.32
1.3
parameters were
1.08
monitored before,
1.34
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1.1
these control
1.36
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Figure 11 – Depth to the water table from land surface at wells Ash12 and
Ash22 prior to (A – left figure) and after (B- right figure) clear cutting all
invasive phreatophytes from Plot 2 in August 2005. Data for Ash12 included

to show the pattern of fluctuations observed in Plot 1 where no control
activities were applied.
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Depth to Water at Ash22 (m below surface)

Activity 4: Assessing the rate of ground-water consumption by shallow-rooted vegetation and
direct evaporation from the water table at the Ashland site – Limited progress was made on this
activity in year five as a result of a heavy emphasis on information transfer throughout year five.
However, some insight into the relative contributions of ground-water consumption by shallowrooted vegetation and direct evaporation was obtained from the analytical solutions described in
Activity 5 and previously collected water-level data. Activity 4 will be a strong emphasis of
field work planned for the ARS in 2009.

The initial expectation was that the diurnal fluctuations would virtually cease after the
cutting. However, as illustrated in Figure 11 for well Ash22, that expectation was not realized at
any of the ARS wells at which fluctuations were observed prior to cutting (Ash21, Ash22, and
Ash31). Possible explanations for the continued fluctuations include ground-water consumption
by the uncut grasses, forbs, and small bushes, and by direct evaporation from the water table in
the vicinity of the well, and ground-water consumption by salt cedar outside of the treated area.
In order to assess this latter possibility, steady periodic analytical solutions for water-table
fluctuations produced by diurnal variations in evapotranspiration were developed by extending
the general approach of Townley (1995) to the configuration illustrated in Figures 12A-B. Of
particular interest is the solution for which R1 goes to zero (vegetation circle completely
removed). Substituting reasonable parameters for the ARS into that solution revealed that
fluctuations at the central well produced by the salt cedar outside the circle of cut vegetation
should greatly differ in both amplitude and phase from those produced by vegetation in the
immediate vicinity of the well. The data plotted in Figures 11A-B show that such a difference
was not observed. Thus, it is considered highly unlikely that ground-water consumption by salt
cedar
outside the
treated area
is
producing
the diurnal
fluctuations
observed
after
completion
of cutting
and
chemical
treatment.
Developme
nt of
periodic
analytical
solutions
for
considerati
on of
configurati
ons similar
to those at
the LRS
Figure 12A – Schematic areal view of configuration of cut and uncut salt
was also
cedars around wells Ash21, Ash22, and Ash31 during the 2005 cutting
completed
period (not to scale).
in year five
(Jin et al.,
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Figure 12B – Schematic cross-sectional view of the vicinity of wells Ash21, Ash22, and
Ash31 during the 2005 cutting period (not to scale). Well at left is at center of Figure 12A.
ETG is the evapotranspirative consumption of ground water, differences in heights of arrows
indicate relative differences in ETG between cut and uncut regions. Vegetation in area of cut
salt cedars primarily consists of grasses, forbs, and small bushes.

2007). Manuscripts describing these solutions and their use for developing insights into controls
on diurnal water-table fluctuations at the ARS and LRS are currently under preparation.
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Activity 6: Reassessing the ground-water savings obtained through phreatophyte-control efforts
at the Ashland site – The ground-water savings achieved through phreatophyte-control activities
at the ARS were estimated using an approach based on ratios of the White equation that was
specifically developed for this project. White (1932) proposed an empirical method for
estimation of evapotranspirative consumption of ground water using hydrographs from wells
screened across the water table and the following equation (Figure 13):

ETG = SY (r + s )

1.3

Depth to Water (m below surface)

where ETG is the evapotranspirative
consumption of ground water expressed
as a daily rate, SY is the readily available
specific yield (dimensionless), r is the
net inflow calculated from the nighttime recovery expressed as a daily rate,
and s is the net change in water-table
position over one day expressed as a
daily rate (by convention positive with
decrease in water-table elevation).
Loheide et al. (2005), through a series of
numerical simulations, have
demonstrated that the White method
will provide reasonable estimates of
ETG when reliable estimates of the
readily available specific yield are
available. They identified uncertainty in
SY as the major source of error in ETG
estimates. Unfortunately, however,
reliable estimates of SY can be difficult
to obtain in the field.
The analysis approach developed
by the research team for this project was
specifically designed to reduce the
impact of the SY uncertainty. This
approach uses ratios of equation (1) to
calculate the relative reduction in ETG
produced by the control activities, as
illustrated for well Ash22 in equation
(2):

(1)

Estimation of Evapotranspirative
Consumption of Ground Water
with the White Method
ETG = SY(r + s)

1.31
1.32

r = ∆h/∆t

1.33

s = ∆h over one day

1.34
1.35
1.36
1.37
1.38
9/8/04

9/9/04

9/10/04

9/11/04

9/12/04

9/13/04

Date (tick mark at midnight)
Figure 13 – Illustration of the White method using water-level
data from well Ash12 (notation explained in text).
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Relative Reduction in ETG at well Ash22 =

⎛
⎜
⎜
⎝
1−
⎛
⎜
⎜
⎝

ET G post ⎞
⎟
ET G pre ⎟⎠
Ash 22
=1−
ET G post ⎞
⎟
ET G pre ⎟⎠
Ash 12

⎛ [ S Y ( r + s ) ] post
⎜
⎜ [ S ( r + s )]
pre
⎝ Y
⎛ [ S Y ( r + s ) ] post
⎜
⎜ [ S ( r + s )]
pre
⎝ Y

⎞
⎟
⎟
⎠ Ash 22
⎞
⎟
⎟
⎠ Ash 12

(2)

where pre indicates period prior to application of phreatophyte control measures and post
designates period after application. The ratio in the numerator on the left-hand side of the second
line of equation (2) is the relative change in ETG at Ash22 between the pre-treatment and posttreatment periods. A similar ratio in the denominator of the left-hand side is the relative change
in ETG at Ash12 between those same periods. The relative change in ETG at Ash12, a well in the
background-monitoring area (Plot 1), is included to account for the impact of factors other than
the phreatophyte-control activities. The right-hand side of the second line of equation (2) is
obtained by substituting equation (1) for each ETG term on the left-hand side, as illustrated in
Figure 14.
There are two key aspects of equation (2). First, ETG changes at a well where control
measures have been applied are calculated relative to changes at a well in the backgroundmonitoring area where those measures have not been applied. The use of a ratio of ratios allows
the relative impact of the control activities to be separated from that of meteorological factors.
Second, the water table at a given well must be within the same vertical interval for the two
periods used in the ratios in equation (2). This allows one to assume that SY is not changing
between those periods, and thus justifies canceling out SY from the numerator and the
denominator of each ratio. The ratio method therefore also removes the influence of uncertainty
about SY from the analysis, a critical aspect of this approach. The use of the same depth interval
is based on the assumption that lithologic characteristics of the intervals, which are not changing
between the two periods, are the primary controls on SY. In reality, however, SY is also highly
dependent on volumetric water contents in the vadose zone. Thus, for the assumption of a
constant SY to be strictly valid for the periods used in the analyses, the water-table position must
be in the same vertical interval and the water content profiles must be similar. Otherwise, SY
cannot be removed from the ratios of equation (2) and uncertainty about SY will dominate the
analysis, making it difficult to reach defensible conclusions.
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Change in Ground Water Consumption
Ash12 no treatment

Ash12 no treatment

pre
pre
pre
( ETG )Ash12
= ( S y )Ash12
( r + s )Ash12

post
post
post
( ETG )Ash12
= ( S y )Ash12
( r + s )Ash12

Ash22 Pre-treatment

Ash22 Post-treatment

pre
pre
pre
( ETG )Ash22
= ( S y )Ash22
( r + s )Ash22

post
post
post
( ETG )Ash22
= ( S y )Ash22
( r + s )Ash22

Figure 14 – Illustration of the use of the White method to calculate evapotranspirative
consumption of ground water prior to (pre) and following (post) treatment activities at the ARS.
Quantities in expressions are defined in main text and Figure 13. Well Ash12 is in background
monitoring area (Plot 1) where no treatment activities were applied. Well Ash22 is in an area
(Plot 2) in which the salt cedar was cut and then the regrowth was treated with an herbicide.
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The ETG reductions, relative to what would have been expected in the absence of control
activities, calculated with equation (2) for three post-treatment time periods are given in
percentage form in Table 1. The reductions varied between the three wells from 23-56%
(average of three wells was 40%, post-treatment 1) in the month immediately following the
treatment (Figure 11B). An analysis using the same depth intervals in 2006 (Figure 15A), ten
months after treatment, found that the reductions varied from 2-27% (average of three wells was
17%, post-treatment 2). An analysis using similar depth intervals in 2007 (Figure 15B), twenty
four months after treatment, found that the reductions varied from -24 -+16% (average of three
wells was -4%, post-treatment 3; negative sign indicates ETG greater than prior to treatment).
Thus, the reductions in ETG gained from the phreatophyte-control activities appear to be
decreasing quickly with time, despite the severe drought conditions experienced during the 2006
growing season at the ARS and the mowing of all vegetation in Plot 3 on September 9, 2006.
This decreased reduction in ETG may be a result of increased growth (and thus water use) of
grasses, forbs, and small bushes from greater exposure to sunlight and wind after the removal of
large phreatophytes (see Ash22 Pre-treatment and Post-treatment photographs in Figure 14), and
regrowth of salt cedar (both plots have experienced regrowth following control activities).
Further work is needed to assess the relative importance of ground-water consumption by these
and other mechanisms to better understand the effectiveness of the control measures.
The ratio method used to calculate the percentage reductions in ETG depends on three

1.32

1.08

1.34

1.1

1.36

1.12

1.38

Ash12 - well in background-monitoring
area - no cutting or chemical treatment

6/9/06

1.14

6/10/06 6/11/06 6/12/06 6/13/06 6/14/06

Ash22 - well in area with cutting
1.08
and chemical treatment

1.24

1.26

1.1

1.28

1.12

1.3

1.14

1.32

Ash12 - well in background-monitoring
area - no cutting or chemical treatment

8/3/07

Date (tick mark at midnight)

8/4/07

8/5/07

8/6/07

8/7/07

1.16

Depth to Water at Ash22 (m below surface)

Ash22 - well in area with cutting 1.06
and chemical treatment

Depth to Water at Ash12 (m below surface)

1.3

2007 Comparison of Well Ash12 and
Well Ash22 - Post-Treatment 3
Depth to Water at Ash22 (m below surface)

Depth to Water at Ash12 (m below surface)

2006 Comparison of Well Ash12 and
Well Ash22 - Post-Treatment 2

8/8/07

Date (tick mark at midnight)

Figure 15 – Depth to the water table from land surface at wells Ash12 and Ash22 ten
months (A – left figure) and twenty four months (B – right figure) following clear cutting
and chemical treatment of invasive phreatophytes in Plot 2. Data for Ash12 included to
show the pattern of fluctuations observed in Plot 1 where no control activities were applied.

18

critical assumptions. The validity of each assumption for the ARS analyses will be briefly
discussed in the following paragraphs.
Assumption One: The White method can provide reasonable estimates of the evapotranspirative
consumption of ground water.
As discussed earlier, the simulation study of Loheide et al. (2005) demonstrated that the
White method can provide reasonable estimates of ETG when reliable estimates of SY are
available. Although SY is not known at the ARS, the use of the ratio method removes SY from the
calculations. Thus, the White method should be valid at the ARS when used in a ratio format.
Assumption Two: The water table at a given well was within the same vertical interval for all
periods used in the analysis.
The analysis summarized in Table 1 utilized four times periods: 9/8-9/12/04 (pretreatment), 9/15-9/19/05 (post-treatment 1), 6/9-6/13/06 (post-treatment 2), and 8/3-8/7/07 (posttreatment 3). At each of the ARS wells, the water table was essentially in the same vertical
interval (water table position was within a 15-cm depth range) for all four periods used in the
analyses.
Assumption Three: The volumetric water content profiles at a given access tube were the same
for all periods used in the analysis.
The volumetric water content profiles for the four wells used in the analyses of Table 1
are given in Figures 7-10. The four profiles pertinent to the analyses are the 8/20/04, 9/21/05,
6/14/06, and 8/3/07 profiles. The 9/21/05 and 6/14/06 profiles were acquired within two days
after the end of the analysis period and the 8/3/07 profile was acquired the first day of the
analysis period, so the profiles obtained on these days can be considered representative of
volumetric water contents over the respective analysis periods. The 8/20/04 profiles were
obtained 18 days before the start of the analysis, so they are not necessarily representative of the
analysis period. However, in the intervening 18 days, there was no significant precipitation and
the water table continuously declined (Figure 5). Given our extensive experience at the ARS
with changes in water content profiles during periods of water-table decline without rainfall, we
have some confidence in the way the 8/20/04 profiles changed over that 18-day period. An
assessment of the overall viability of this third assumption at each access tube is as follows:
Ash12 Access Tube – For all four periods, the profiles agree at depths below 0.75 m. The
9/21/05 and 8/3/07 profiles are in close agreement, while the 6/14/06 profile is in close
agreement with those two except for the upper 0.5 m of the profile. The 9/8-9/12/04 profiles
would be expected to be close to the profiles for the other three time intervals because of gravity
drainage and the lack of precipitation after the 8/20/04 profile. Thus, the profiles are assumed to
have been in reasonable agreement for the analysis periods.
Ash21 Access Tube – The 9/21/05, 6/14/06, and 8/3/07 profiles are in reasonable agreement.
The 9/8-9/12/04 profiles would be expected to be close to the profiles for the other three time
periods because of gravity drainage and the lack of precipitation after the 8/20/04 profile. Thus,
the profiles are assumed to have been in reasonable agreement for the analysis periods.
Ash22 Access Tube – The 9/21/05, 6/14/06, and 8/3/07 profiles are in very good agreement.
The 9/8-9/12/04 profiles would be expected to be close to the profiles for the other three time
periods because of gravity drainage and the lack of precipitation after the 8/20/04 profile. Thus,
the profiles are assumed to have been in good agreement for the analysis periods.
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Ash31 Access Tube – Profiles from this access tube are in close agreement for all four
periods. Thus, the profiles are assumed to have been in very good agreement for the analysis
periods.
In conclusion, all of the critical assumptions underlying the ARS analyses appear to be
valid for the four analysis periods.

Analysis Period
Well
Post-Treatment 1
9/15 – 9/19/05

Post-Treatment 2
6/9 – 6/13/06

Post-Treatment 3
8/3 – 8/7/07

Ash21

23

2

-24*

Ash22

41

27

16

Ash31

56

22

-1*

Average

40

17

-3*

Table 1 – Initial estimates of percentage reductions in ground-water consumption, relative to
what would have been expected in the absence of control activities, calculated with equation (2)
and data from one month (9/15-9/19/05), ten months (6/9-6/13/06), and twenty four months (8/38/7/07) after completion of main sequence of treatment activities. Reported values are based on
five-day averages in most cases. A three-day average for well Ash22 was used in post-treatment
periods 1 and 2 because of the considerable amount of sensor noise at well Ash22 on certain
days during those periods (e.g., compare Ash22 data from Figure 11A with Ash22 data from
Figures 11B). * indicates that ETG is greater than prior to treatment. Note that all vegetation in
Plot 3 was mowed with a brush hog on September 9, 2006.
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INFORMATION TRANSFER
A large number of presentations on this project were given at locations within and outside
of Kansas during year five of this project. Thirty of the presentations were part of the 2007
Henry Darcy Distinguished Lectureship of the National Ground Water Association that was
awarded to Butler. The Darcy Lectureship presentations were given in eight countries on three
continents. A well-attended special session on phreatophytes was organized by Whittemore at
the Geological Society of America annual conference in October 2007. Shortly after the end of
this reporting period, Butler presented an additional lecture on this project at the University of
South Carolina. Invited lectures on this project will be presented later in 2008 at conferences in
the United States and Japan by Kluitenberg and Butler, respectively. A manuscript on the
summer 2006 work at the Ashland Research Site is currently in review and other manuscripts are
under preparation.

STUDENT SUPPORT
No students were supported by this project during the reporting period. However, two
students participating in the Applied Geohydrology Summer Research Assistantship Program of
the Kansas Geological Survey are partially supported from this grant during the summer of 2008
through the no-cost extension. These students are contributing to the aspects of the project
involving water-level and vadose-zone monitoring, data analysis, and weather-station upkeep.
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Problem and Research Objectives
Problem
The Kansas Department of Health and Environment (KDHE) reported in “2004 Kansas Water
Quality Assessment” that about 51% of assessed streams and 81% of assessed lakes do not fully
support all uses of water, including drinking, household use, agriculture, industry, and recreation.
A high percentage of streams and lakes are contaminated by sediment, nutrients, and pesticides.
Sediment is one of the major water pollutants. When water carrying eroded soil flows, settled soil
particles fill streams and lakes, reducing photosynthesis and harming fish and aquatic lives.
Sediment also can carry other contaminants, such as nutrients, organic matter, pesticides, and
hazardous materials. The agricultural industry in Kansas requires extensive use of fertilizers to
enhance crop growth. Runoff during a rain leads to nutrient pollution that would increase algae
and aquatic plant growth in water and, thus, leading to undesirable water quality, fish killing, and
odor and taste in drinking water. In addition, pesticides, animal waste, bacteria, and other
hazardous materials would also cause severe contaminations to surface and ground water (KDHE,
2004).
Conserving and protecting natural water resources require effective measurement tools to
determine properties and constituents of surface and ground water. Knowledge of these properties
influences management strategies in agriculture practices, environmental impact assessment, and
other water resource applications. Because water quality parameters can vary substantially over
short periods of time, continuous real-time monitoring can be a critical factor in understanding
that variability (Christensen et al., 2000; Ziegler et al., 2004). However, most methods available
for in-situ measurement remain time and labor intensive. Thus, improved measurement
techniques that are capable of real-time monitoring and simultaneous measurement of multiple
water properties would increase opportunities for effective water resource management and
improve our understanding of flow and transport processes of surface and ground waters.
Research Objectives
The main objective of the work is to modify and improve a novel, frequency-response-based soil
permittivity sensor we have developed (Zhang et al., 2004) to measure multiple properties of
surface and ground water that are crucial to water resource conservation. Specific objectives are:
1) enhancing the signal processing hardware of the sensor by extending the measurement
frequency range and by adding phase measurement of the frequency response (FR), 2) testing the
sensor on water samples with different amounts and types of sediments, nutrients, and pesticides
to separately and simultaneously measure these parameters, and 3) designing a portable sensor
prototype and seeking opportunities for potential commercialization.
This research contributes to the following KWRI priority areas: 1) In-situ measurement of the
migration of water and its constituents to the water table (3.1), 2) Evaluation of integrated waste
recovery and recycling systems (3.3), and 3) Assessment of water supply and availability (3.5).
Methodology
FR permittivity sensor for liquid materials
At the beginning of the project, both the sensor probe and the control circuitry were modified for
water measurement. Figure 1 shows a prototype of the new control circuitry. Figure 2 shows two
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sensor probes for water measurement, made of different materials. Probes with different
dimensions were also made and tested.

Figure 1. Prototype of the control circuitry for liquid measurement

(a)
(b)
Figure 2. Sensor probes made of (a) aluminum alloy and (b) stainless steel
Data analysis
Conventional multivariate analysis tools, such as the partial least square (PLS) method, have been
proven effective in spectroscopic data analysis. The PLS method and one of its extension, locallyweighted PLS (LWPLS) method, were used in the data analyses for the RF permittivity data in
this study (Lee, 2005). In order to reduce the number of frequencies used in the model,
“frequency signature” for each specific “agent”, at which the FR of the agent possesses patterns
distinguishable from other agents, is identified. One way to identify the frequency signature is to
locate the peaks (both positive and negative) in the principal components derived from the PLS
analysis for that specific agent. Once the frequency signatures are identified, multivariate models
can be established using the FR data obtained only at these “signature frequencies”. Models
established based on “frequency signatures” usually are greatly simplified because of the small
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number of frequencies used. Moreover, these models often give higher prediction accuracies
because the risk of model “overfitting” is greatly reduced.
Calibration using an impedance meter
In order to connect the measured FR of the probe, including “gain” and “phase”, to the
permittivity of the measured liquid, an impedance meter (Agilent Technology E4991A) was used
to measure the permittivity of all water samples used in the tests (Figure 3). To maintain the
consistency of the measurement, the probe calibration procedure and the effects of submergence
and location of the probe in water samples were carefully studied through a series of tests. A
study was also conducted on the data measured using the impedance meter and the probes to
derive the geometric factor of each probe and its dependence on frequency.

Figure 3. Measuring sample permittivity using an Agilent Technology E4991A impedance
meter
Modeling study
During the tests, we found that several factors significantly affected the measurement accuracy
and stability. This includes the cable length and the size and geometry of the sensor probe. In
order to maintain accurate measurement, especially under field conditions, we attempted to model
the probe, cable, and the conditioning circuit using the impedance transformation theory.
For the sensor, the probe is connected to the control unit via a coaxial cable. Thus, the impedance
directly measured is actually the impedance looking into the cable, Zin, not the impedance of the
probe (with the dielectric material being the medium) Zload (Figure 4). The probe impedance Zload
can be found from measured Zin through impedance transformation:

Zin
Sensor

ZLoad

Figure 4. Impedance transformation through the signal cable
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Once the probe impedance Zload is found, the real and imaginary parts of permittivity of the
dielectric material to be measured can be derived from Zload by removing the probe geometry
factor.
To reduce the effect of cable length on permittivity measurement, a simulation model using the
cable length as an independent variable was developed. To validate the model, FR data were
acquired using cables of different lengths. The predicted FR data using the model and the actual
data acquired by the sensor with different cable lengths were compared.
In order to derive the permittivity of the liquid from the FR data, geometric factor of the probe
and its frequency dependence must be known. In order to study the geometric factor, a model that
describes the sensor probe, cable, and wire connections as distributed capacitors, resistors, and
inductors was developed. The model was applied to two probes that are different in size. FR data
of identical liquid samples were acquired using the two probes. Permittivity of the same samples
was also measured within the same frequency range. The measured frequency responses were
compared with those predicted by the model. Geometric factors of the probes were calculated at
all frequencies based on the measured gain and phase data and the permittivity measured by the
impedance meter.
Significant Findings
The modified sensor has been tested in waters with different contaminants, including nutrients
and pesticide.
Detecting specific ions in high-concentration solutions
The sensor was first tested in water solutions of three potassium salts, KNO3, KH2PO4, and KCl
of high concentrations (3,500 – 35,000 ppm). The goal was to identify FR signatures of individual
ions. For each salt, 11 solution samples were prepared in deionized water. Frequency-response
data were then taken three times using the sensor. In order to test the sensor’s ability to recognize
specific ions in water solutions, FR data for all three salts were combined to establish PLS models
to quantitatively predict individual ions. The results are shown in Table 1.
Table 1. Detecting individual ions in three high concentrations
(3,500 – 35,000 ppm) salt solutions
Anion/Cation

R-square

RMS error (ppm)

K+

0.9801

640

Cl-

0.9532

1109

-

0.9649

1238

-

0.8323

3078

NO3
PO4

Detecting ions in low-concentration solutions using “frequency signature”
The second step of the experiment was to test salt solutions at low concentrations. Samples of
KNO3 solutions of 11 low concentrations (0-4 ppm) were prepared using a dilution procedure.
Three independent sets of samples were prepared. One set was used for calibration; the others for
validation. From the first three principal components (PC) derived from the PLS analysis of highconcentration potassium solutions, 30 signature frequencies were selected from 606 frequencies
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originally used in the FR data. The PLS Models for predicting KNO3 concentrations using the
original 606 frequencies and the 30 “signature frequencies” were compared (Table 2). The R2
values for the training data set were almost identical. For validation, the R2 value slightly
decreased for data set 2 but significantly increased for data set 3 when 30 “signature frequencies”
replaced the 606 frequencies. The difference between the R2 values of the two validation data sets
becomes minimal, indicating that the use of frequency signature generated a more generalized
model and reduced the risk of model overfitting.
Table 2. Effectiveness of frequency signature in reducing the number of frequencies while
achieving better prediction for low concentration (0-4ppm) KNO3.
Data set
Data set 1 (Training)
Data set 2 (Validation)
Data set 3 (Validation)
Frequencies
606
30
606
30
606
30
used
(original)
(Signature)
(original) (Signature) (original)
(signature)
R2 values
0.9991
0.9992
0.9560
0.9153
0.8207
0.9140
Simultaneously detecting nitrate and three salts in mixed solutions
Two sets of 125 mixed salt solutions were prepared. These included combinations of five
Potassium Nitrate (KNO3), five Calcium Nitrate (Ca(NO3)2), and five Ammonium Nitrate
(NH4NO3) concentrations. The five concentrations were 0, 5, 10, 15, and 20 ppm. One set of the
125 mixed solutions were used as the training data set, where as the other validation. The goal
was to predict the nitrate concentration, as well as concentrations of Potassium, Calcium, and
Ammonium ions in all samples simultaneously. The results are shown in Tables 3 through 6.
Figure 5 shows the prediction results for the validation data sets using both gain and phase data.
Table 3. Predicting Nitrate concentration in blends of three salt solutions
Data set
R-square
RMSE (ppm)
Gain
0.9987
0.320
Training
Phase
0.9990
0.284
Gain+Phase
0.9992
0.245
Gain
0.9973
0.481
Validation
Phase
0.9971
0.484
Gain+Phase
0.9976
0.445
Table 4. Predicting Potassium Nitrate concentration in blends of three salt solutions
Data set
R-square
RMSE (ppm)
Gain
0.9001
2.235
Training
Phase
0.6887
3.945
Gain+Phase
0.8805
2.444
Gain
0.5744
4.894
Validation
Phase
0.4322
5.954
Gain+Phase
0.6380
4.386
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Figure 5. Prediction result for nitrate in blends of three solutions for the validation data set
Table 5. Predicting Calcium Nitrate concentration in blends of three salt solutions
Data set
R-square
RMSE (ppm)
Gain
0.9025
2.207
Training
Phase
0.8278
2.934
Gain+Phase
0.8757
2.493
Gain
0.6488
4.447
Validation
Phase
0.5663
4.727
Gain+Phase
0.6464
4.220
Table 6.Predicting Ammonium Nitrate concentration in blends of three salt solutions
Data set
R-square
RMSE (ppm)
Gain
0.9704
1.217
Training
Phase
0.9564
1.476
Gain+Phase
0.9632
1.357
Gain
0.8794
2.817
Validation
Phase
0.8828
2.943
Gain+Phase
0.8960
2.819
It can be seen from Tables 3-6 that the prediction result is better for nitrate than for the potassium,
calcium, and ammonium ions. This is probably because that nitrate is the only cation in the mixed
solutions, whereas all other ions are anions. It is more difficult to discriminate between same
types of ions because their roles in ionic conduction are similar.
Results of modeling study
Results of the modeling study on the effect of cable length on FR measurement showed that the
trend of the predicted gain is very close to that of the actual gain within the frequency range of
DC to 30MHz. For a higher frequency range (100-120 MHz), the predicted gain shifted
significantly from the actual gain. For the phase data, similar shifting trend was observed,
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although the predicted values are very similar to the actual values from DC to 20MHz. This result
suggests that the model can be used to reduce the effect of cable length on measurement within a
lower frequency range. However, the discrepancy between the predicted and actual FR in the
higher frequency range needs to be further studied.
For the modeling study of probe, the trends of the predicted FR are different from that of the
measured values. Geometric factors measured at different frequencies showed significant
variations. Thus, this modeling study is not successful. Further studies are needed.
Further improvement of the sensor probe and electronic circuit
A compact-size special sensor probe was designed and fabricated (Figure 6a). This probe is
designed for field tests. The reduced size is also intended for working within a higher frequency
range.
During the laboratory tests, several observed problems prompted further improvement of the
signal conditioning/processing circuitry. Figure 6b shows a new printed circuit board that
incorporates the following improvements: 1) The frequency range is raised from 120 MHz to 500
MHz, 2) The FR signals are amplified to improve the measurement resolution, and 3) 1GB flash
memory is added to the circuit to store measurement data. Hardware of the new circuit has been
completed. Software is currently being developed.

(a)
(b)
Figure 6. Newly developed a) compact sensor probe and b) printer circuit board
Conclusions
The following conclusions can be drawn from the experiments of the RF permittivity sensor we
have conducted:
1. All experimental results clearly indicated the capability of the RF permittivity sensor in
simultaneous measurement of multiple contaminants in water.
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2. Modeling study of the sensor probe, cable, and circuit has been partially successful. Further
study is needed in the future.
3. The experiment has been limited to laboratory. Preparation for field tests is well underway.
Advantages of the RF permittivity sensor
The RF permittivity sensor developed in this study has the following advantages over most
existing premittivity measurement techniques:
•
•
•
•
•
•
•
•

Capable of simultaneous measurements of multiple properties,
Capable of real-time measurement,
Low cost,
Easy to be made portable,
Easy to be deployed wirelessly,
Rugged, durable sensor probe,
Requires minimum maintenance, and
Allows versatile applications

Publications and Presentations
Zhang, N., G. Kluitenburg, and P. Barnes. 2006. A Real-time Permittivity Sensor for
Simultaneous Measurement of Multiple Water-Quality Parameters. A poster at the Water and the
Future of Kansas Conference, March, 2006, Topeka, KS.
Zhang, N. 2007. The potential of a novel frequency-response permittivity sensor in measuring
soil and water properties. Invited speech at and Proceedings of the Dahlia Greidinger Symposium
2007, Advanced Technologies for Monitoring Nutrient and Water Availability to Plants. March
12-13, 2007. Haifa, Israel
Zhang, N., K. Lee, X. Xi, and N. Tang. 2007. A Frequency-response Permittivity Sensor for
Simultaneous Measurement of Multiple Properties of Solid, Liquid, and Gaseous Dielectric
Materials. Proceedings of the Biological Sensorics Conference; June 15-17, 2007, Minneapolis,
MN
Zhang, N., K. Lee, X. Xi, and N. Tang. 2007. Potential of a frequency-response permittivity
sensor in sensing soil nutrients for precision agriculture. Preceedings of the 2nd Asian Conference
on Precision Agriculture. Hotel Kabo, Pyeongtaek, Korea. August 2-4, 2007.
Zhang, N., K. Lee, X. Xi, and N. Tang. 2007. A frequency-response sensor for real-time,
simultaneous measurement of multiple properties of dielectric materials. ASABE Paper No.
073097. St. Joseph, Mich.: ASABE.
Information transfer
A provisional patent has been filed for the technology.
In April, 2008, we started a collaborative study with Virginia Tech on measuring suspended
sediment concentration (SSC) in water using our RF permittivity sensor. We signed a
Confidential Disclosure Agreement with and delivered a sensor probe and a control box to Dr.

9

Tess Wynn of the Biological Systems Engineering Department of Virginia Tech in April. Dr.
Wynn and Dr. Zhnag also visited NSF for possible funding. Currently, Dr. Zhang is serving on
the Supervisory Committee of Barbra Utley, a Ph.D. student of Dr. Wynn, to help her test the
sensor in SSC measurement.
Student Support
Ms. Ning Tang, Graduate Research Assistant, Biological and Agricultural Engineering, Kansas
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References
KDHE, 2004. 2004 Kansas water quality assessment (305(b) Report) Kansas Department of
Health and Environment, Division of Environment, Bureau of Environmental Field
Services, Topeka, Kansas.
Christensen, V.G., X. Jian, and A.C. Ziegler, 2000. Regression Analysis and Real-Time Water
Quality Monitoring to Estimate Constituent Concentrations, Loads, and Yields in the
Little Arkansas River, South Central Kansas, U. S. Geological Survey Water Resources
Investigations Report 00-4126, 36p.
Zhang, N., G. Fan, K. H. Lee, G. J. Kluitenberg, and T. M. Loughin. 2004. Simultaneous
Measurement of Soil Water Content and Salinity Using a Frequency-Response Method.
Soil Sci Soc Am J. 68: 1515-1525.
Ziegler, A. C., V.G. Christensen, P.P. Rasmussen, and X. Jian, 2004. Continuous Real-Time
Water Quality Monitoring in Kansas Streams (abs) in Annual Future of Water in Kansas
Conference, March 11, 2004, Lawrence ,Kansas; Kansas Water Resources Research
Institute, p 30.

10

Fate of Nitrate Beneath Fields Irrigated with Treated
Wastewater in Ford County, Kansas Using Field Data and
Preferential Flow Modeling −− Year 3
Basic Information
Fate of Nitrate Beneath Fields Irrigated with Treated Wastewater in Ford
County, Kansas Using Field Data and Preferential Flow Modeling −− Year 3
Project Number: 2005KS45B
Start Date: 3/1/2005
End Date: 2/28/2008
Funding Source: 104B
Congressional District: 2nd
Research Category: Ground−water Flow and Transport
Focus Category: Models, Solute Transport, None
wastewater irrigation, macropores, preferential flow, nitrate leaching, nitrogen
Descriptors:
management
Principal Investigators: Marios Sophocleous, Margaret A. Townsend, Fred Vocasek
Title:

Publication
1. Sophocleous, M. A., Townsend, M. A., Willson, T., and Vocasek, F., 2006, Fate of nitrate beneath
fields irrigated with treated wastewater in Ford County, Kansas: 23'd Annual Water and the Future of
Kansas Conference, Topeka, KS, March 16,2006.
2. Sophocleous, M. A., Townsend, M. A., Willson, T., and Vocasek, F., 2006, Preferential flow and
transport of nitrate beneath fields irrigated with treated wastewater in Ford County: Geological
Society of America, GSA Abstracts with Program, v. 38, no. 7, p. 40
3. Townsend, M. A., Macko, S. A., Sophocleous, M. A., Vocasek, F., Schuette, D., and Ghijsen, R.,
2006, Documenting seasonal variation at a wastewater irrigation site through stable isotopes:
Geological Society of America, GSA Abstracts with Program, v. 38, no. 7, p. 40.
4. Sophocleous, M. A., Townsend, M. A., and Vocasek, F., 2007, Treated wastewater and nitrate
transport beneath irrigated fields near Dodge City, Kansas: Water and the Future of Kansas
Conference, March 15,2007, Topeka, KS.
5. Townsend, M. A., Macko, S. A., Sophocleous, M. A., Vocasek, F., Schutte, D., and Ghijsen, R., 2007,
Variations in water chemistry and plant uptake of nitrogen at a wastewater irrigation site: Water and
the Funlre of Kansas Conference, March 15, 2007, Topeka, KS.
6. Sophocleous, M. A., Townsend, M. A., Willson, T., and Vocasek, F., and Zupancic, J., 2006, Fate of
nitrate beneath fields irrigated with treated wastewater in Ford County, Kansas: First−year Progress
Report to KWRI, 62 p. Also Kansas Geological Survey, Open−File Report 2007−14.
7. Sophocleous, M. A., Townsend, M. A., Willson, T., and Vocasek, F., 2006, Fate of nitrate beneath
fields irrigated with treated wastewater in Ford County, Kansas: 23rd Annual Water and the Future of
Kansas Conference, Topeka, KS, March 16, 2006.
8. Sophocleous, M. A., Townsend, M. A., Willson, T., and Vocasek, F., 2006, Preferential flow and
transport of nitrate beneath fields irrigated with treated wastewater in Ford County: Geological
Society of America, GSA Abstracts with Program, v. 38, no. 7, p. 40.
9. Sophocleous, M. A., Townsend, M. A., and Vocasek, F., 2007, Treated wastewater and nitrate
transport beneath irrigated fields near Dodge City, Kansas: Water and the Future of Kansas

Fate of Nitrate Beneath Fields Irrigated with Treated Wastewater in Ford County, Kansas Using Field
1 Data a

Conference, March 15, 2007, Topeka, KS.
10. Sophocleous, M.A., Ma, L., Townsend, M.A., Vocasek, F., KC, A., Willson, J., and Schuette, D.,
2007. Treated wastewater and nitrate transport beneath irrigated fields near Dodge City, Kansas.
Second−year Progress Report to KWRI, June 2007, 51 p. Also, Kansas Geol. Survey, Open−File
Report 2007−25.
11. Sophocleous, M.A., Townsend, M.A., and Vocasek, F., 2008. Minimizing the adverse effects of water
reuse for crop irrigation near Dodge City, Kansas. 25th Annual Water and the Future of Kansas
Conference, March 25, 2008, Topeka, KS, p. 14.
12. Townsend, M. A., Macko, S. A., Sophocleous, M. A., Vocasek, F., Schuette, D., and Ghijsen, R.,
2006, Documenting seasonal variation at a wastewater irrigation site through stable isotopes:
Geological Society of America, GSA Abstracts with Program, v. 38, no. 7, p. 40.
13. Townsend, M. A., Macko, S. A., Sophocleous, M. A., Vocasek, F., Schuette, D., and Ghijsen, R.,
2007, Variations in water chemistry and plant uptake of nitrogen at a wastewater irrigation site: Water
and the Future of Kansas Conference, March 15, 2007, Topeka, KS.
14. Townsend, M.A., Sophocleous, M.A., Macko, S.A., Ghijsen, R., and Schuette, D., 2007. Effects of
macropore flow and seasonal variability on water quality at a wastewater−recharge site. 2007 GSA
Annual Meeting, Abstracts with Programs, 39(6): 190, Denver CO, Oct. 28−31, 2007.
15. Townsend, M.A., Sophocleous, M.A., Macko, S.A., Ghijsen, R., and Schuette, D., 2008. Effects of
macropore flow and seasonal variability on water quality at a wastewater−recharge site. 25th Annual
Water and the Future of Kansas Conference, March 25, 2008, Topeka, KS, p. 15.

Fate of Nitrate Beneath Fields Irrigated with Treated Wastewater in Ford County, Kansas Using Field
2 Data a

Treated Wastewater and Nitrate Transport
Beneath Irrigated Fields near Dodge City, Kansas
Final Report
Start date: March 1, 2005
End date: June 16, 2008
Investigators:

Marios Sophocleous1, Margaret A. Townsend1, Fred Vocasek2, Liwang Ma3,
Ashok KC1
1

Kansas Geological Survey, University of Kansas, Lawrence, KS
Servi-Tech Laboratories, Agri/Environmental Consulting, Dodge City, KS
3
Agricultural Research Service, USDA, Fort Collins, CO
2

Keywords: wastewater irrigation; macropores and preferential flow; brilliant blue dye
tracer; RZWQM2 model; nitrogen contamination; corn nitrogen use efficiency; nitrogen
management

Lawrence, KS, June 2008

1

Treated Wastewater and Nitrate Transport Beneath
Irrigated Fields near Dodge City, Kansas
Abstract
There is concern that the use of treated wastewater south of Dodge City,
Kansas, which consists of mainly silty clay loam soils, has resulted in high nitratenitrogen (N) concentrations (10 – 50 mg/kg) in the subsurface upper 15-m vadose zone,
and also in the underlying deep (20-45 m) ground water. The goal of this two-year field
monitoring project was to assess how and under what circumstances N nutrients under
secondary-treated wastewater-irrigated corn can reach the deep ground water of the
underlying High Plains aquifer, and what can realistically be done to minimize this
problem. We collected deep cores for physical and chemical properties characterization;
installed neutron moisture probe access tubes and suction lysimeters for periodic
measurements; sampled area monitoring, irrigation, and domestic wells; performed dye
tracer experiments to examine soil preferential flow processes through macropores in two
wastewater-irrigated study sites; and obtained climatic, crop, irrigation, and N application
rate records. These data and additional information were used in the comprehensive Root
Zone Water Quality Model (RZWQM2) to identify key parameters and processes that
influence nitrogen losses in the study area. We demonstrated that nitrate-N transport
processes result in significant accumulations of N in the thick vadose zone. We also
showed that nitrate-N in the underlying groundwater is increasing with time. RZWQM2
simulations for two wastewater-irrigated study sites indicated that macropore flow is
generated particularly during heavy rainfall events, but during our 2005-2006 simulations
the total macropore flow was only about 3% of precipitation for one of the sites, whereas
it was more than 13% for the other site. Our calibrated model indicated that reducing
current levels of corn N fertilization by more than half to the level of 170 kg/ha
substantially increases nitrogen use efficiency (NUE) and achieves near maximum crop
yield. Combining such measures with a crop rotation that includes alfalfa should further
reduce the amounts of residual N in the soil.

2

Problem and Research Objectives
With increasingly limited ground-water resources, reuse of treated municipal
wastewater provides an alternative source of irrigation water for crops and landscaping.
In addition, utilization of the nutrients in recycled wastewater as fertilizer may decrease
the need for commercial fertilizers in a plant system. However, municipal wastewater
can contain high levels of nitrogen (N) and other constituents, such as salt, heavy metals
and pharmaceuticals (Pettygrove and Asano, 1985; Toze, 2006; Kinney et al., 2006), that
can be detrimental to surface and ground-water supplies if it is not carefully applied.
Nitrate-N (NO3-N) leaching into ground water is widespread in the U.S. Central Plains
and elsewhere, and has been linked to the over application of commercial fertilizers/or
animal waste (USGS, 2004). The environmental impacts of treated wastewater irrigation
practices needs to be evaluated to determine if and when these practices may impact
usable ground water at depth and what management practices can be changed to slow the
downwards migration of a particular nutrient of concern, nitrate-N, due to its potential to
contaminate drinking water sources.
Understanding the losses and transformation processes of effluent N in the soil as
well as N management are essential for the sustainable use of treated wastewater
irrigation in agriculture. This understanding and environmental impacts of wastewater
irrigation activities can be addressed by careful field-data collection and analysis in
combination with simulation models capable of assessing the consequences of certain
factors and farming practices on N losses to the environment.
Bond (1998) pointed out the conflicting requirements of effluent irrigation,
namely that leaching is essential to prevent salinization of the root zone, yet leaching will
result in the movement of salt- and N-laden water to the deeper vadose zone and
groundwater. Bond (1998) also pointed out that research challenges in effluent irrigation
include quantitative prediction of N transformations to evaluate scenarios for its
management, and development of specific and more rigorous guidelines for wastewater
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applications. This paper makes a small contribution towards addressing these particular
research issues.
A long-term crop irrigation project with treated wastewater south of Dodge City in
semiarid to subhumid southwestern Kansas (Fig. 1), which is underlain by the High
Plains aquifer, is the focus of this study. Although the study area is characterized by deep
water table (ranging from 20 to 45 m below ground surface) and soils with a silty clay
component (predominantly Harney and Ulysses silt loams—Dodge et al., 1965), evidence
suggests nitrate-N is migrating to those water-table depths through the vadose zone
(Zupancic and Vocasek, 2002). Zupancic and Vocasek (2002) estimated that once
nitrate-N reached beyond the upper 1.5 m of the root zone, it can leach as much as 1.2 m
in a wet year. Given that the average depth to water table in the study area south of
Dodge City, Kansas is more than 38 m (Sophocleous et al., 2006), this means that
preferential flow processes may be involved in speeding up the transport of nitrate-N to
the underlying water table. The U.S. Geological Survey’s National Water-Quality
Assessment and other studies in the central High Plains aquifer region suggest N fertilizer
and animal waste has reached the Ogallala portion of the High Plains aquifer due to
increased recharge from irrigation and preferential flow processes (USGS, 2004).
It is now generally recognized that preferential flow occurs to some degree in
most soils (Shipitalo and Edwards, 1996). In some soils, macropores can serve as
important pathways for preferential flow that allow rapid gravitational flow of the free
wastewater available at the soil surface or of the accumulated soil water above an
impeding soil horizon, thus bypassing the soil matrix. Short-circuiting to ground water
through macropores is of serious concern because of the possibilities of rapid transport of
a portion of fertilizers, pesticides, and other chemicals applied on the soil surface. It is
generally known that under flood or high-rate sprinkler irrigation, when water is allowed
to pond on the soil surface, transport down preferential pathways becomes more likely
and deep movement of solutes can be expected (Magesan et al., 1999). Flury et al. (1994)
in a dye-tracing field study of 14 different sites found significant differences both in the
flow patterns and depth of dye penetration for sprinkling versus flood irrigation, with the
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latter resulting in a dye penetration twice as deep as that for sprinkling, despite the fact
that the intensity of the sprinkler system used was relatively high (96 mm/hr). As
macropore development, preservation, and continuity can be strongly affected by soil
management, such concerns have been exacerbated by the growing practice of minimum
or no-tillage. No-till allows chemical solutes in surface water applied on the soil to
accumulate and enter macropores at the land surface; it also retains plant residues on the
land surface thus enhancing worm activity and allowing worm holes and other macropore
channels to stay open (Ahuja et al., 1993).
The research reported here focuses on the use of the Root Zone Water Quality Model
(RZWQM—Ahuja et al., 2000), a deterministic, integrated model that simulates the
movement of water and nutrients over and through the root zone of a representative area
in an agricultural field, and which also has the capability of addressing preferential flow
processes (Ahuja et al., 2000). The RZWQM is used as a tool for comparing alternative
agricultural management strategies with respect to crop production and water quality
impacts of wastewater irrigation. A unique feature of this applied research is the field use
of a modified version of the RZWQM, now incorporated into the latest released version
(version 1.5) RZWQM2 (3/24/2008), to handle the deep vadose zone profiles that
characterize the study area. From here onwards, any reference to RZWQM should be
considered as referring to RZWQM2.
Therefore, the objectives of this paper are
1) to study the possibility of N leaching to ground water under secondary-treated
wastewater irrigation treatment in the study area south of Dodge City, Kansas using field
sampling and monitoring; and
2) to model the above data using the recently released RZWQM2 model version
and to propose alternatives to current management practices using the RZWQM.

Methodology
Background
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The Dodge City Wastewater Treatment Plant collects wastewater from Dodge
City and a meat-packing plant into a collection station. The collected wastewater is piped
17 km south of the City (Fig. 1) into a wastewater treatment facility, which consists of
three covered anaerobic digesters and three aeration basins. The treated water is stored in
storage lagoons with a capacity of more than 3,454 × 103 m3. A pumping system,
consisting of several centrifugal pumps, distributes the water to irrigate more than 1,100
ha of cropland in 25 fields (Fig. 1-circles). The system is managed by CH2M Hill
Operations Management International (OMI) and monitored by the agronomic firm
Servi-Tech, Inc., under contracts with Dodge City.
Use of the treated wastewater has resulted in relatively high soil NO3-N
concentrations (10–50 mg/kg) in the soil profile at the sites irrigated with this treated
effluent, as well as in nitrate-N concentrations in ground water from a number of
monitoring wells in the area exceeding the USEPA safe drinking-water limit of 10 mg/L
(Zupancic and Vocasek, 2002).

Field Monitoring Sites/Field Experiments1
We established two main treated wastewater-irrigated monitoring sites (N7 and
R8 in Fig. 1) and one groundwater-irrigated, control site (Y8 in Fig. 1). The sites are
considered representative of the general wastewater-irrigated and groundwater-irrigated
sites by Servi-Tech personnel who manage and monitor the area for the City of Dodge
City. Site R8 (latitude 37 -34’-32” N, longitude 100°-3’-8” W) has a long-term treated
wastewater irrigation history (since 1986), whereas site N7 (latitude 37°-37’-9” N,
longitude 100°-2’-19” W) has a shorter-term treated wastewater irrigation history (since
1998). Crop-history records indicate corn (Zea mays L.) was planted at site N7 each year
since 1998, and at site R8 since 2003. From 1997 to 2002, site R8 was planted with
alfalfa (Medicago sativa). During 2005, the first year of this study, sites N7 and R8 were
planted with corn (April 22-23, 2005), whereas site Y8 was planted with sorghum (milo).
During 2006, the final year of field monitoring, all three sites were planted with corn. A
1

Additional details on field and laboratory experiments and analyses are presented in
Sophocleous et al. (2006).
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LEPA-sprinkler irrigation system applied the treated wastewater at an average rate of 7.3
mm/day for Site N7, and 6.1 mm/day for Site R8.
At the beginning of this study (April 2005) we collected three deep (15.2 m) soil
cores from each of the sites for a number of physical and chemical analyses using a truckmounted Giddings probe. Care was taken to minimize compaction during core sampling
by carefully cleaning the sampling tubes after each core retrieval. The textural, soil
hydraulic, and additional physical and chemical analyses were performed by NRCS
personnel at the Lincoln, NE, National Soils and Soil Mechanics Laboratories. Nitrogen,
carbon, and related analyses were conducted at the Kansas State University (KSU) and
Servi-Tech Soil Analysis Laboratories. The soil bulk density down to 15.2 m was
determined from collected cores of known diameter by cutting the core in 15.2-cm
increments, weighing them in the field, and then oven-drying them in the lab. The bulk
density was also determined by the clod method (Grossman and Reinsch, 2002). Table 1
summarizes the measured soil physical properties by layer, which were subsequently
used in the simulation model (explained further below) and the experimental methods
employed to determine those properties.
A neutron probe (Campbell Pacific Nuclear (CPN) 503DR Hydroprobe) was used
to collect moisture-data profiles to 15.2-m depth. Aluminized steel pipe was used for the
neutron probe access tube. The neutron probe was calibrated in the field based on core
measurements collected from the access tube borehole and on “wet” and “dry” corner
plots, equipped with neutron probe access tubes that were measured occasionally.
Additional details of neutron access tube installation and probe calibration are presented
in Sophocleous et al. (2006). Periodic (twice monthly for 2005, monthly for 2006)
measurements of neutron probe-based soil water content down to 15.2 m were conducted
throughout the growing seasons in 2005 and 2006.
Three suction lysimeters were installed in each site at various depths, shallow
(1.6–1.8 m), intermediate (5.2–8.0 m), and deep (9–15 m) for collecting pore water
samples for occasional analyses. A 0.48-MPa vacuum pressure was put on each sample
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one week prior to sampling. The site R8 shallow and sites R8 and N7 intermediate-depth
lysimeters were the only ones to yield pore-water samples in 2005.
All of the existing monitoring wells (14) in the area (shown later in Fig. 5) were
sampled twice a year to check any nutrient N impacts on the relatively deep water table,
which ranges from about 21 m close to the ephemeral Mulberry Creek to more than 45 m
deep as one goes away from the usually dry Mulberry Creek (Fig. 1). Additional water
samples from monitoring, domestic, and irrigation wells and wastewater lagoons were
periodically collected.
To explain deep occurrences of N concentrations through possible preferential
pathways, we conducted two dye-tracer experiments in each of the two wastewaterirrigated study sites, site R8 in Harney soil (fine, superactive, mesic Pachic Argiustolls),
and site N7 in Ulysses soil (fine-silty, mixed, superactive, mesic Aridic Haplustolls).
Brilliant-blue food-coloring dye (FD&C Blue 1, tri-phenyl-methane dye) was used as a
tracer because of its desirable properties of mobility and distinguishability in soils, and
also because of its non-toxicity (Flury and Fluhler, 1994, 1995; Flury et al., 1994). Based
on these studies, a dye concentration of 4 g/L was used to flood the test sites, which were
enclosed in 91.4-cm by 152.4-cm wooden rectangular frames of 30.5-cm height, with
approximately 750 liters of dye solution per test site. It is expected that ponding would
generate more preferential flow than sprinkling, as was also alluded to in the
introduction. Additional details on these dye tracer tests are presented in Sophocleous et
al. (2006).

The Root Zone Water Quality Model (RZWQM)
The USDA-ARS developed a comprehensive agricultural systems model known
as Root Zone Water Quality Model (RZWQM) as a research tool to investigate the
effects of agricultural management on crop production and environmental quality (Ahuja
et al., 2000). The RZWQM is an integrated physical, biological, and chemical process
model that simulates plant growth, and the movement and interactions of water, nutrients,
and pesticides over and through the root zone at a representative area of an agricultural
8

cropping system. It is a one-dimensional (vertical into the soil profile) model designed to
simulate conditions on a unit-area basis. Details on all aspects of the model can be found
in Ahuja et al. (2000).
The water-flow processes in the RZWQM are divided into two phases: 1)
infiltration into the soil matrix and macropores and macropore-matrix interaction during a
rainfall or an irrigation event, modeled by using the Green and Ampt approach (Green
and Ampt, 1911); and 2) redistribution of water in the soil matrix following infiltration,
estimated by a mass-conservative numerical solution of the Richards’ equation (Celia et
al., 1990). Rainfall or irrigation water in excess of the soil-infiltration capacity (overland
flow) is routed into macropores if present. The maximum macropore flow rate and
lateral water movement into macropores in the surrounding soil are computed using
Poiseuilles’ law and the lateral Green-Ampt equation, respectively. Macropore flow in
excess of its maximum flow rate or excess infiltration is routed to runoff. In the
RZWQM, water can only enter the macropores at the surface. High-intensity rainfalls
generally yield greater water flow and chemical transport in macropores than lowintensity rainfalls (Shipitalo and Edwards, 1996), and this is true with the RZWQM as
well.
The hydraulic properties are defined by the soil-water characteristic or retention
curves, and the unsaturated hydraulic conductivity function. Those relationships are
described by functional forms suggested by Brooks and Corey (1964) with slight
modifications (Ahuja et al., 2000).
The volumetric soil water content (θ) versus the capillary pressure head or matric
suction head (ψ) relationship representing the water retention or characteristic curve is
formulated as follows:

θ (ψ) = θ s – A1 | ψ | for |ψ| ≤ |ψ a|

(1)

θ (ψ) = θ r+ B | ψ |–λ for |ψ| > |ψ a|

(2)

where θ s and θ r are the saturated and residual soil-water contents (cm3/cm3),
respectively; ψ a is the air-entry or bubbling suction head (cm); λ is the pore-size
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distribution index (and represents the logarithmic slope of the water retention curve); A1
and B are constants, where B = (θ s – θ r – A1 ψ a) ψ aλ and A1 was set to zero in our case,
thus reducing equations (1) and (2) to the Brooks and Corey (1964) model.
The hydraulic conductivity (K) versus matric suction head (ψ) relationship
representing the unsaturated hydraulic conductivity function is formulated as follows:
K(ψ) = Ks | ψ |

− N1

K(ψ) = K2 | ψ |

−N2

for |ψ| ≤ |ψ a|

(3)

for |ψ| > |ψ a|

(4)

where Ks is the saturated hydraulic conductivity, N1, N2, and K2 are constants and K2 = Ks

|ψ a |

−N2

, N2 = 2 + 3 , and N1 was set to zero in our case, thus reducing equations (3) and (4) to

the Brooks and Corey (1964) model. The Brooks-Corey parameters were obtained by fitting

the RETC (RETention Curve) program (van Genuchten et al., 1991) to measured soil
moisture data.
The soil carbon/nitrogen dynamics module of the RZWQM model (Shaffer et al.,
2000) contains two surface residue pools (fast and slow decomposition), three soil humus
pools (slow, medium, and fast decomposition), and three soil microbial pools (aerobic
heterotrophs, autotrophs, and anaerobic heterotrophs). Despite the complexity of this
organic matter/N-cycling component, good estimates of initial soil carbon content and
nitrogen are generally the only site-specific parameters needed. The required inputs (e.g.
fast pool, slow pool) are then usually determined through an initiation wizard and
calibration (Ma et al., 1998).
As mentioned previously, the RZWQM is a research-grade complex tool that was
designed to analyze soil and plant processes only within the root zone. However, for our
application, we had to initially modify and extend the RZWQM to deal with deeper
vadose-zone processes and additional irrigation and fertilization events to handle
multiyear simulations, although the recently released RZWQM2, version 1.5 can
similarly handle deeper profiles. The soil profile was thus extended to 30 m depth in
RZWQM2. Because of model limitations, we had to combine a number of soil horizons
10

into a maximum of 10 layers as shown in Table 1. A unit gradient was assumed for the
lower boundary condition, set at 10.8 m (the lowest depth for which we had detailed soil
hydraulic analyses). The first neutron probe soil-water profile measurements before crop
planting in April 2005 were used as the initial soil-water depth distribution in the
modeling.
The model also requires detailed meteorological data on a daily basis, and rainfall
data in breakpoint increments. Hourly precipitation and other meteorological data (except
for solar radiation) were obtained from the Dodge City Municipal Airport weather
station, some 17 km northeast of the study sites, whereas daily solar radiation data were
obtained from the Garden City Agricultural Experiment Station some 80 km westnorthwest of Dodge City, operated by Kansas State University. Due to similar
geomorphic, land use/land cover, and climatic conditions between Garden City and
Dodge City, no significant impacts on calculated water budget components are expected
from such climatic data translocations. This is confirmed by comparing five years (19861990) of daily solar radiation data when both Dodge City and Garden City weather
stations were collecting such data (M. Knapp, Kansas State Climatologist, written
communication, May 15, 2008). A linear regression of the daily average solar radiation
values at Dodge City and Garden City during the 1986-1990 period yielded an R2 of
more than 94% (Fig. 2). A year-by-year comparison indicated that the Dodge City total
solar radiation as a percentage of that from Garden City was 97% for 1986, 99% for
1987, 93% for 1988, and 100% for both 1989 and 1990 (M. Knapp, State Climatologist,
written communication, May 15, 2008). The model also requires specification of landuse practices such as planting and harvesting dates, specification of irrigation and
fertilization events, as well as the chemical quality of irrigation. The daily precipitation
and irrigation events during the 2005 irrigation season for site N7 are shown in Figure 3.

Model Calibration Procedures2
For accurate simulations, RZWQM must be calibrated for soil hydraulic
properties, nutrient properties, and plant-growth parameters for the site and crops being
2

Additional details on model calibration and simulations are presented in Sophocleous et al.
(2007).
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simulated (Hanson et. al., 1999), as there are significant interactions among the different
model components. Available data for 2005 were employed in calibrating the model,
whereas the available data for 2006 were reserved for verifying (“validating”) the model.
Calibration targets included the biweekly (during 2005) and monthly (during 2006)
neutron soil-water measurements, soil nitrate-N analyses, and harvested corn grain yields.
The number of parameters and processes in the RZWQM are so numerous that it is
exceedingly difficult to decide which ones to optimize and what optimization scheme
might be appropriate, if at all feasible. As a result, such agricultural system models as the
RZWQM are usually parameterized by trial-and-error or iterative processes (Ahuja and
Ma, 2002). In this paper, we followed the detailed procedures for calibrating the
RZWQM as laid out by Hanson et al. (1999) and Ahuja and Ma (2002). In addition, a
series of sensitivity analyses were conducted to identify the most important parameters in
both the soil and plant portions of the model affecting model output and thus to use in
model calibration (Sophocleous et al., 2007).
Following the sensitivity analysis (see subsection on Sensitivity Analysis Results in
the Significant Findings section), the model calibration strategy we used was as follows:
The RZWQM was first calibrated for soil hydraulic properties, which included the poresize distribution index, λ and the saturated soil-water content, θ s parameters for each
modeled soil layer. Then, following initialization and equilibration of the carbon and
nitrogen (C/N) pool (as outlined in the next paragraph), the crop parameters were
calibrated by trial-and-error adjustments to match observed crop phenology and yield as
simulated by the CERES-Maize dedicated corn model, available as part of the DSSAT4.0
(Decision Support for Agrotechnology Transfer—www.icasa.net/dssat/index.html; Richie
et al., 1998) suite of crop models incorporated in the latest model version RZWQM2. The
CERES-Maize model has been extensively used world-wide for development of crop
management applications (Saseendran et al., 2005). Corn calibration parameters included
four physiological and two growth parameters as follows: (i) thermal time from seedling
emergence to the end of the juvenile phase (P1, expressed in degree days above a base
temperature of 8 oC, oCd), (ii) photoperiodism coefficient (P2, expressed as days delay in
tassel initiation per hour increase in photoperiod, d/hr); (iii) thermal time from silking to
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physiological maturity (P5, d/hr); (iv) thermal time between successive leaf tip
appearances, known as phyllochron interval (PHINT, oCd); (v) maximum possible
number of kernels per plant (G2); and (vi) kernel filling rate (G3, mg/d). We based
adjustments of these parameters for corn within the range of values used for Kansas
environments (Pachta, 2007; Dogan et al., 2006; Roman-Paoli et al., 2000; Kiniry et al.,
1997). Because the nitrogen-related and plant-growth parameters are difficult to measure
with independent experiments, an accurate description of the soil-water-related processes
as far as possible is required to minimize N-simulation errors. Therefore, particular effort
was expended in calibrating the soil-water hydrologic processes first before proceeding
with the plant and N-related parameter calibration.
The model requires establishment of initial C/N pool sizes for the fast and slow
decomposition residue pools; slow, medium, and fast decomposition humus pools; and
the three microbial pools (aerobic heterotrophs, autotrophs, and anaerobic heterotrophs)
(Hanson et al., 1999). No laboratory procedures are known to effectively determine the
sizes of these pools (Ahuja and Ma, 2002). Therefore, because previous management at a
site determines the initial state of a soil in terms of its organic matter and microbial
populations, simulations with previous management practices will usually create a better
initial condition for those parameters (Ma et al., 1998). After entering all the model
inputs and parameters, we began by estimating the three humus organic-matter pool sizes
(based on the measured organic-carbon depth profiles shown in Table 1) at 5, 10, and
85%, for fast, medium, and slow pools, respectively, and set the microbial pools at
50,000, 500, and 5,000 organisms per gram of soil, respectively, for aerobic heterotrophs,
autrotrophs, and facultative heterotrophs, as recommended by Ahuja and Ma (2002).
RZWQM was initialized for the organic-matter pools by running the model for 12 years
prior to the 2005-06 actual simulation periods. A 12-year initialization run was suggested
by Ma et al. (1998) to obtain steady-state conditions for the faster soil organic pools.
Three statistics were used to evaluate the simulation results: (i) root mean squared
error (RMSE) between simulated and observed values, eq. (5); (ii) relative root mean
square error (RRMSE), i.e., RMSE relative to the mean of the observed values, eq. (6);
and (iii) mean relative error (MRE) or bias, eq. (7).
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RMSE =

1 n
(S i - Oi ) 2
∑
n i =1

(5)

100%
O avg

(6)

RRMSE = RMSE ×
MRE =

1 n ( S i − Oi )
∑ O ×100%
n i =1
i

(7)

where Si is the ith simulated value, Oi is the ith observed vale, Oavg is the average of
observed values, and n is the number of data pairs.
The RMSE reflects the magnitude of the mean difference between simulated and
experimental results, whereas the RRMSE standardizes the RMSE and expresses it as a
percentage that represents the standard variation of the estimator (Abrahamson et al.,
2005). The MRE indicates if there is a systematic bias in the simulation. A positive value
indicates an overprediction and a negative value an underprediction.

Significant Findings
Wastewater and Ground-water Quality
The general quality of the treated wastewater effluent applied in 2005 and 2006
using a LEPA-sprinkler irrigation system is shown in Fig. 4. The chloride concentrations
were around the 300 mg/L level, but further increased during the second half of 2006,
and the Total Kjeldahl Nitrogen concentrations (TKN) were generally above the 80 mg/L
level for site N7. The average electrical conductivity (EC) of the effluent applied for
2005 was 2.11 mS/cm for site N7 and 2.07 mS/cm for site R8 (2.63 and 2.43 mS/cm,
respectively for 2006), whereas the sodium adsorption ratio (SAR) for 2005 was 5.17 for
site N7, and 7.04 for site R8 (6.34 and 5.98, respectively for 2006). This is unfortunate as
both EC and SAR values exceed the Servi-Tech, Inc. agronomic-consulting firm’s
recommendations of keeping EC not greater than 1.5 mS/cm and SAR values to less than
5.0 to avoid salinity problems eventually impacting crop yields (Zupancic and Vocasek,
2002). Following agronomic recommendations, the farmers averted further salt buildup
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on crop leaves by converting their sprinklers from higher-pressure overhead nozzles to
lower-pressured drop nozzles, and also by applying gypsum treatments to soils with high
exchangeable sodium percentage (Zupancic and Vocasek, 2002).
Figure 5 shows the ground-water nitrate-N concentrations from the November
2005 survey sampling. The general groundwater flow in the study area is from west to
east based on annually measured water levels by the Kansas Geological Survey. Wells
shown in solid black symbols exceed the safe drinking-water limit for nitrate-N of 10
mg/L. Notice that most of the wells have more than 2 mg/L nitrate-N in the ground
water. This indicates (Mueller and Helsel, 1996) that anthropogenic sources have begun
to impact the ground water in the area. The temporal evolution of nitrate-N in ground
water since 1988 will be described in the next section together with the temporal
evolution of soil nitrate-N.
Figure 6 displays a trilinear diagram with the average water quality of the
irrigation water applied in both R8 and N7 sites marked as the A-circle, the shallow- and
intermediate-depth suction lysimeter-sampled pore water from both sites marked as the
B-circle. Figure 6 also displays the water quality (major anions and cations) of the
sampled domestic, monitoring, and irrigation wells in the area. The deeper ground-water
quality in the general area is characterized by relatively low nitrate and chloride
concentrations (Fig. 6) with specific conductance around 400 µS/cm. The sampled
populations of applied wastewater, pore water from suction lysimeters, and monitoring
and domestic wells form distinct groups in the trilinear Piper diagram (Fig. 6).

Soil Nitrate Profiles
High NO3-N concentrations were found in the soil profile at all sites sampled as
seen in Figure 7 for sites N7, R8, and Y8, respectively. The data for the Spring of 2005,
which were used as the initial conditions for the RZWQM, indicated R8 (a site with a
long-term wastewater irrigation history—since 1986) (Fig. 7a) had a high nitrate peak of
about 40 mg/kg around 60 cm, which decreases sharply to 0.7 mg/kg level in the depth
interval of 380 to 580 cm. This decrease is possibly due to previously planted alfalfa
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roots consuming the nitrate at those depths, as the R8 site was cropped to alfalfa from
1997 to 2002. The nitrate increases again reaching a secondary maximum of about 7.2
mg/kg near the depth of 870 cm, then following a decrease near the 940-cm level to the 3
mg/kg level, it progressively increases with depth down to more than 1500 cm, reaching
the 10 mg/kg level. It seems that a previous nitrate front has reached down to 1500 cm,
with yet older fronts reaching even deeper, indicating that nitrate may have already
penetrated down to those depths. For site N7 (with wastewater irrigation history since
1998) (Fig. 7b) a deeper nitrate peak (of less than 28 mg/kg, i.e., not as high as that at site
R8) was observed around the 240-cm-depth level. Then, the nitrate distribution
progressively decreases to a minimal background level (0.4 mg/kg) near 940 cm,
indicating that nitrate penetrated down to that depth but no further. Finally, for site Y8
(without any wastewater irrigation) (Fig. 7c), a high nitrate peak was observed near the
100-cm level, but at the 570-cm depth level, nitrate goes back to minimal background
level (1.2 mg/kg).
Examination of soil-core data in nearby wastewater-irrigated sites (N6 and R13,
shown in Fig. 5) as well as ground water samples from nearby monitoring wells (MW3,
MW7, MW10, also shown in Fig. 5) collected by Servi-Tech Inc. personnel, show
progressive increases with time in both vadose zone nitrate storage and ground water
nitrate-N with statistically significant increasing trend (using the Mann-Kendall test for
trend (Helsel and Hirsch, 2002; Fig. 8).

Dye-tracer Experiments
Numerous macropores were sampled in cores not only in the upper soil profile but
also at depths down to more than 10 m (for a possible explanation see later in this
section). During the dye tracer experiment, the tracer at site R8 penetrated down to
approximately 200 cm and formed a more-or-less uniform “finger front” at the bottom
(Fig. 9). The right-hand-side picture in Fig. 9 shows evidence of dye movement through
the blocky-structure soil layers of the Bt horizons (at approximately the 50- to 100-cm
depth interval) where the tracer moved along the spaces between the blocky soil
aggregates and concentrated in numerous fingers in the lower soil layer that did not
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exhibit the heavy blocky structure of the Bt horizons above. For site N7, the dye pattern
was different, forming a giant funnel front ending in a big finger down to more than 200
cm (Fig. 10). Closer examination of a side finger, showed that the dye finger formed
along a decaying root channel, as did other fingers examined in both sites. Sophocleous et
al. (2007) presented photographs of sampled cores indicating the decaying root organic
material lining the macropores.
The observed macropores at depth are probably due to the existence of deeprooted prairie grasses that dominated the landscape prior to agricultural development.
The currently practiced no-till land-use treatment further enhances worm activity near the
soil surface, thus maintaining macropores open at the soil surface. Because of the
existence of such preferential-flow pathways, the macropore option of the RZWQM was
employed. Based on the observed macropores throughout the soil profile in both sites,
macropores were uniformly distributed through all simulated layers using an average
estimated pore radius of 0.1 cm and a percentage of macropores of 0.1% in RZWQM.

Sensitivity Analysis and RZWQM macropore-flow impacts
For the sensitivity analysis of hydraulic properties, the response variable
considered was the soil-water content, whereas for the sensitivity analysis of crop
parameters, the response variable considered was the soil NO3-N.
.
For hydraulic parameters, bulk density, saturation water content (θs), and the
Brooks and Corey parameters λ and ψa were the most sensitive, whereas saturated
hydraulic conductivity (Ks) and residual water content (θr) were the least sensitive.
Additional details on hydraulic and crop parameter sensitivity analyses for this study site
are presented in Sophocleous et al. (2007).
Ahuja and Williams (1991) and Williams and Ahuja (2003) found that the soil
water retention curves, as described by the Brooks and Corey equations, could be simply
described by the pore size distribution index, λ. The importance of λ was used for scaling
water infiltration and redistribution (Kozak and Ahuja, 2005) and for scaling evaporation
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and transpiration across soil textures (Kozak et al., 2005). Because of the relatively high
sensitivity of parameters θs and λ , both of which are fitted (as opposed to experimentally
measured) parameters, we decided to use primarily the λ-parameter and secondarily the

θs parameter to calibrate the RZWQM model.
The most sensitive macropore parameters were the total macroporosity fraction
and the average size of pore radii (Sophocleous et al., 2007). Macropore flow is
generated only during heavy rainfall events in the model. For example, the rainfall events
during June 10 and 12, 2005 (Julian days 161 and 163 in Fig. 3) generated a total of less
than 2.8 cm of macropore soil-water flow at site N7. No other macropore flow-causing
rainfall events occurred during the April to December 2005 simulation period for site N7,
whereas a total of 11 rainfall events generated 5.8 cm of macropore flow for site R8
during the same period. During 2006, three rainfall events caused a total of less than 0.4
cm of macropore soil-water flow, whereas 9 rainfall events generated 6.9 cm of
macropore flow for site R8 during 2006. Thus, the total April 2005 to December 2006
macropore flow for site N7 was 3.1 cm, which represents approximately 3% of the total
precipitation during that 2005-06 simulation period, whereas the simulated macropore
flow for site R8 was more than 12.6 cm, which represents 13.3% of total precipitation
during that simulation period. This significant difference in macropore flow between the
two sites is mainly related to the fact that the soil texture for R8 is generally more clayey
than that for N7 (Table 1), with the lower soil-infiltration capacity of the heavier-textured
soil at site R8 creating more opportunities for macropore flow (see RZWQM macropore
flow process explanation in the subsection on Root Zone Water Quality Model in the
Methodology section). Also the total 4.8-m simulated depth for site R8 was appreciably
smaller compared to the 10.8-m simulated depth for site N7.
In a sensitivity analysis when we doubled the amount of rainfall for site N7 during
the rainy days of the period May 24 to June 14, 2005 (Julian days 144 to 165 in Fig. 3),
the simulated macropore soil-water flow increased by more than four times.
Macroporosity had also appreciable effect on nitrogen distribution (Fig. 11). Figure 11a
shows the simulated nitrogen distributions in the upper 3.5m of the soil profile on the

18

macropore flow-causing rainy day of June 12, 2005 (Julian day 163 in Fig. 3) with and
without simulated macropores. Figure 11b displays the same profile as Fig. 11a but with
doubling the rain on all rainfall days across the May 24-June 14 period, including the
rains of June 10 and 12, 2005. Because the presence of macropore flow led to increased
N concentrations at deeper depths, our results suggest high intensity storm events can
initiate macropore flow when using the RZWQM. In general, the higher the intensity and
amount, the higher the generated macropore flow.
Although site R8 showed appreciable simulated macropore flow, RZWQMsimulated macropore flow for site N7 during the 2005-06 study period had no major
impact on the results. We believe the reasons for such RZWQM results are the following:
1. The RZWQM generates macropore flow only when there is excess water generated at
the soil surface that does not infiltrate into the soil matrix. This happens when the rate of
application of water (irrigation or rain) is greater than the infiltration rate in the soil. The
rate of wastewater sprinkler application was relatively small, about 7mm per day, as
mentioned previously. This application rate is low enough that all of the water will
infiltrate into the soil matrix, and no macropore flow is generated, even though there are
macropores present. Only two rainfall events during the April to December 2005
simulation period exceeded the infiltration capacity of the soil at site N7, whereas at the
more clayey site R8, as previously mentioned, 11 rainfall events exceeded its infiltration
capacity during the same period. If the irrigation wastewater were ponded (as in flood
irrigation), the results would have been more macropore flow as actually observed with
the brilliant blue dye experiments. To further prove this point, we re-ran the RZWQM
model using the same conditions in all respects except for the method of irrigation, which
was changed from sprinkler to flood irrigation. Using flood irrigation, macropore flow
increased tremendously for site N7, from a total of 3.1 cm with sprinkler irrigation to
48.8 cm with flood irrigation during the 2005-2006 simulation period.
2. The model comparisons between the measured and double the measured rain
intensities for site N7 show only modest macropore flow increases. Nitrate is a nonadsorbed mobile anion. It is not kept near the soil surface by adsorption as other
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chemicals, such as ammonium ion or brilliant blue dye will be. If it were adsorbed, the
higher intensity rains would probably cause more nitrate flow through macropores.
Higher rain intensity after irrigation with nitrate-laden wastewater in RZWQM
simulations is not going to make much difference for nitrate, as it has already moved
deeper into the soil. The macropore flow in RZWQM only carries chemical from the
surface soil with overland flow (excess water generated at the surface due to infiltration
being less than the rainfall or irrigation application rate).
3. An additional conceptual deficiency in the RZWQM is the following. The RZWQM
does not allow macropore flow from soil water ponded over a low hydraulic conductivity
(impeding) soil horizon at some depth in the soil profile; it only allows macropore flow
from ground surface irrigation or rainfall rates that exceed the infiltration capacity of the
surface soil.
Despite the above-mentioned RZWQM conceptual macropore deficiencies, we
decided to retain the macropore option in our simulations because of our experimental
observations indicating the existence of macropores throughout the soil profile and the
occurrence of measurable nitrate-N at depth in the vadose zone. Overall, the major
hydrologic effect of introducing macropores in the RZWQM model is to reduce surface
runoff.
With regard to organic matter/nitrate cycling parameters, the aerobic heterotroph
microbial population (that is organisms capable of deriving carbon and energy from
organic compounds, and growing only in the presence of molecular oxygen) and
transition and fast humus pool sizes were the most sensitive parameters. Finally, for corn
(CERES-Maize) parameters, the P1 and P5 were the most sensitive ones from the
physiological parameters, followed (in decreasing order of sensitivity) by G2 and G3
from the growth parameters. P2 was the least sensitive from the physiological parameters.
(All these parameters have been briefly explained previously in the subsection on Model
Calibration Procedures in the Methodology section.)

Model Evaluation
20

Both wastewater-irrigation sites, N7 and R8, were simulated starting from the
Spring of 2005 and ending at the end of 2006 using the RZWQM (Sophocleous et al.,
2007). Both sites were planted with corn.
The simulated and observed soil water for the various individual layers for sites
N7 and R8 are shown in Figs. 12 and 13, respectively for the April to December 2005
simulation period. Although for the upper layers of the soil in both sites the RRMSE and
other error measures were relatively high, they improved with soil depth, as shown in the
figures for the deeper layers. Using the 2005 calibration parameters, the simulated 2006
planting season for sites N7 and R8 are shown in Fig. 14 and 15, respectively along with
the three statistics (eqns 5–7). The model seems to be satisfactorily predicting measured
values, although additional measured data may have further improved this calibration.
Regarding simulated soil nitrate-N, only results from site N7 will be highlighted
from here onwards, for which we had relatively more detailed hydraulic-property data for
a deeper vadose-zone profile analysis resulting in generally better simulation results than
those for site R8. The simulated and measured soil nitrate-N profiles in the fall of 2005 in
site N7, which was planted in corn in April and harvested at the end of September, are
shown in Fig. 16 for both the 2005 calibration year (a) and the 2006 prediction year (b
and c). The model approximated the main patterns of the nitrate depth profile relatively
well, but not the observed detailed nitrate patterns in the soil profile. The total measured
soil nitrate-N in the 10.8-m modeled soil profile during the post-harvest or pre-planting
core-sampling dates of November 10, 2005, April 18, 2006, and November 7, 2006 was
1224.9, 1392.6, and 1389.3 kg/ha, respectively, whereas the simulated soil-profile nitrateN during the same dates was 1449.8, 1576.1, and 1821.0 kg/ha, respectively, thus
consistently overestimating the measured profile soil nitrate by 13 to 31 percent. This
overestimation is consistent with soil nitrate over-prediction during corn years observed
by Malone et al. (2001) in evaluating numerous studies employing the RZWQM model.
In a comprehensive study of the fate of nitrogen in a field soil-crop environment in the
Mediterranean region, Cameira et al. (2007) found that the prediction of residual nitratenitrogen in the soil, after crop harvest, presented errors ranging from 19 to 38% using
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RZWQM. Our results show the RZWQM is capable of simulating generally complex
field conditions with acceptable accuracy.
Besides the measured soil-profile water content and soil NO3-N values, the third
model evaluation check employed was the harvested corn grain yield, which for site N7
for 2005 was 14,247 kg/ha and for 2006 was 12,553 kg/ha. The simulated corn grain
yields were 15,384 kg/ha and 11,626 kg/ha for 2005 and 2006, respectively, in both cases
within less than 8% of measured values.

Nitrogen Use Efficiency, Nitrogen Budget, and Management Scenarios
Once an agricultural system is adequately calibrated and tested, it has the
potential for use in evaluation of alternative crop-soil management practices for the
location of interest in terms of their production potential and impact on the environment
(Hu et al., 2006). Because of the limited data we had available for calibration and
evaluation of the RZWQM, the results presented here should be considered only
indicative of the problem at hand.
Historical and current sampling of nitrogen in the soil at the wastewater-irrigated
sites show increased accumulation of inorganic nitrogen in the soil profile with time (see
also Figs. 7 and 8), suggesting the inorganic N remaining in the soil at harvest was not
taken up completely by the subsequent crop. This residual N is subject to leaching to
ground water when rainfall, especially of high intensity that enhances macropore flow,
occurs between crop seasons. Numerical simulations indicated consistent increases in N
losses due to denitrification, volatilization, and deep seepage as the nitrogen application
rate increased.
Nitrogen Use Efficiency (NUE) is a term used to indicate the relative balance
between the amount of fertilizer N taken up and used by the crop versus the amount of
fertilizer N “lost”, and can be defined as follows (Hu et al., 2006):
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NUE =

(Plant N uptake for a particular N treatment) − (Plant N uptake for zero− N treatment)
(Total amount of N applied)

(8)

The RZWQM model was run with a zero-N treatment, and the results were used in the
NUE computations.
Differences in predicted corn grain yields, plant N uptake, residual soil profile N,
volatilization, and other N losses with different irrigation and fertilization treatments
were analyzed using the RZWQM model (Table 2). According to OMI lab analyses (see
also Fig. 4), the total N applied during the 2005 irrigation season was 427.4 kg/ha and
520.7 kg/ha during 2006, both of which were much higher than the total N applied to site
R8, which were 230.2 kg/ha and 252.8 kg/ha for 2005 and 2006, respectively. The N
balance components and NUE for the 2005 and 2006 fertilization totals mentioned above
are shown in Table 2. The major source of N is the applied wastewater effluent with
additional, secondary sources from dead roots and incorporated residue, and the major
losses of applied N are from plant uptake, with minor losses due to volatilization,
denitrification and deep seepage (Table 2). Mineralization is the major transformation of
nitrogen, followed by immobilization. Large amounts of nitrate exist in the unsaturated
soil profile (Figs. 7 and 8). The model-estimated 2005 storage of nitrate N in the 10.8-mdeep soil profile of site N7 analyzed in this model was 1390 kg/ha (1689 kg/ha in 2006),
indicating that N leaches well below the corn root zone and accumulates in both the
deeper vadose zone and underlying groundwater with time (Fig. 8).
Several management scenarios were simulated using reduced fertilization
treatments of 50% and 40% of the applied wastewater-N totals mentioned above (427.4
and 520.7 kg/ha for 2005 and 2006, respectively), as well as 88%, 75% and 50% reduced
irrigation totals while maintaining the same irrigation scheduling. Results suggest that
reducing N fertilization by 50% using the same 2005 irrigation scheduling increases NUE
significantly while achieving a maximum simulated crop yield, whereas decreasing N
fertilization to 40% of the 2005 level achieves maximum NUE while maintaining crop
yield within 0.1% of maximum (Table 2). Lowering the N application rate from 521
kg/ha (the 2006 applied amount) to 427 kg/ha (the 2005 applied amount), to 261 kg/ha
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(the 50% of the 2006 amount), to 214 kg/ha (the 50% of the 2005 amount) to 208 and
170 kg/ha (the 40% amounts) consistently increased NUE from 38.9% to 42.2% to
76.4% to 85.6% to 91.1% to 93.7, respectively (Table 2). Reducing irrigation total
amount by various percentages ranging from 12% to 50% (but keeping the same
irrigation scheduling) while maintaining N fertilization levels at the near-optimal value of
170 kg/ha does not result in any NUE or grain-yield benefits, which means that the
current irrigation practices are efficient and the used amounts near optimal (48.55 cm
during the 2005 irrigation season—Table 2).
Reducing the fertilization levels at the study sites to around 170 kg/ha while
maintaining currently used irrigation schedules and amounts increases the NUE
significantly. Such lower fertilization rates can be achieved by blending treated
wastewater effluent with freshwater from the underlying High Plains aquifer. (This was
practiced during the initial years of the wastewater-irrigation operation but the practice
was later abandoned.) As we mentioned in the wastewater and ground-water quality
subsection, the deeper ground-water quality is generally good. Implementing a crop
rotation system using leguminous plants, such as alfalfa, will likely decrease the rate of
build-up of nitrogen in the soil profile as seen in the profile of site R8 (Fig. 7a), which
has a history of alfalfa in the crop rotation.

Conclusions and recommendations
The analysis carried out in this report leads to the following conclusions:
1. Soil coring down to 15.2 m and ground-water sampling in the treated wastewater
irrigation area south of Dodge City, Kansas indicated that nitrate-N is
accumulating in the vadose zone and has reached the underlying ground water.
2. Soil coring and dye-tracing experiments demonstrated the existence of
preferential pathways through macropores from decaying root channels
throughout the sampled depths.
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3. The residual soil nitrate-N is progressively increasing with depth, and nitrate-N in
the underlying ground water is also increasing with time.
4. Modeling simulations using RZWQM indicated that high intensity rainfall events
promote macropore preferential flows, which can transport nitrate deeper in the
soil profile as indicated in items 1 through 3 above. However, we identified
macropore conceptual limitations in the RZWQM due to that model’s inability to
initiate macropore flow beyond the soil surface whose infiltration capacity has
been exceeded.
5. Based on sensitivity analysis, bulk density, saturated water content, and the
Brooks and Corey parameters (λ and ψa) are the most sensitive parameters
affecting soil-water flow, whereas the CERES-Maize parameters P1 and P5, G2
and G3 were the most sensitive plant parameters. Quantifying the aforementioned
hydraulic parameters will enhance soil-water simulations and consequently soilnitrate transport, which will be further improved by carefully quantifying the
above-identified CERES-Maize parameters.
6. The RZWQM was calibrated for the 2005 planting season based on limited data
and was tested/verified for the 2006 cropping season. The model acceptably
approximated the overall patterns of the observed soil water and nitrate profiles
but not their detailed patterns, and generally overestimated the profile soil nitrate.
In our judgment, better procedures for estimating the humus and microbial pools
and plant growth parameters as well as enhancement of the plant growth module
in the RZWQM will further improve the present state of N simulation. The
incorporation of the Decision Support System for Agrotechnology Transfer,
DSSAT4.0 suite of crop growth models in the latest released RZWQM
(RZWQM2, version 1.5) is a step in the right direction. Model results may also
be improved by increasing the number of soil horizons that the model can handle
and obtaining additional soil hydraulic data (mentioned in item 5 above).
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7. The calibrated RZWQM model was used to evaluate indicative alternative
reduced N amounts management practices on NUE and soil N. Thus, the model
showed that reducing the wastewater N application rates to around 170 kg/ha
increases the NUE significantly.
Adopting such measures would definitely reduce the size of residual nitrate stored
in the thick vadose zone in the area and slow down its downward migration.
Combining such measures with a crop rotation that includes alfalfa should further
reduce the amounts of residual nitrate in the soil.
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List of Figures
Figure 1. Location of the study area (highlighted). Circular areas indicate irrigated fields. Black
circles are the study sites.
Figure 2. Comparison of daily average solar radiation for the 1986 to 1990 time period for
Garden City and Dodge City, Kansas.
Figure 3. Daily precipitation and irrigation events during the 2005 irrigation season at site N7.
The vertical lines in the lower irrigation display (in gray color) indicate times when the irrigation
system was off.
Figure 4. Treated effluent irrigation water chloride, total Kjeldahl nitrogen (TKN), ammonianitrogen (NH3-N) and organic nitrogen concentration time series applied to sites N7 (a) and R8
(b) during 2005 and 2006.
Figure 5. Ground-water nitrate-nitrogen concentrations during November 2005. Bold numbers
above well symbols indicate ground-water nitrate-nitrogen concentrations (mg/L).
Circles/semicircles are irrigated fields. The study sites are highlighted. Time series distributions
of ground-water nitrate-nitrogen for monitoring wells MW3, MW7, and MW10 (indicated in bold
letters in the Figure) are displayed in Fig. 7.
Figure 6. Trilinear Piper diagram showing the average 2005 quality of irrigation water applied in
sites R8 and N7 (circle A), the shallow and intermediate-depth suction lysimeter-sampled pore
water from sites R8 and N7 (circle B), and the domestic, monitoring, and irrigation wells (with
their letter/number designations) sampled in the area.
Figure 7. Measured soil profile Nitrate-Nitrogen at various times during 2005 and 2006 for the
study sites (a –R8, b – N7, and c –Y8).
Figure 8. Time evolution of (upper panel) vadose zone nitrate profiles for sites N6 and R13,
indicated in Fig. 4, and (lower panel) ground water nitrate-nitrogen from selected municipal wells
(MW), also indicated in Fig. 4. Mann-Kendall trend line and related statistics are also indicated.
Depth to water table for wells MW3, MW7, and MW10 were 22.6, 32.0, and 33.5 m, respectively
during the November 2005 measurement survey.
Figure 9. Uniform finger front from brilliant-blue dye-tracer experiment at site R8. The righthand-side image shows in more detail the dye moving through the inter-soil block structure
spaces of the Bt horizon and accumulating below that blocky layer into numerous fingers.
Figure 10. Funnel front pattern from brilliant-blue dye-tracer experiment at site N7 and side
finger formed along a decaying root channel (indicated by the two arrows).
Figure 11. Simulated nitrogen profiles for the upper 3.5 m of soil at site N7 with and without
macropores for (a) the observed June 12, 2005 rainfall distribution, and (b) June 12, 2005 after
doubling the observed rainfall during the rainy days of the period of May 24 to June 14, 2005.
Figure 12. Comparison of model-simulated and field-measured soil water contents at various soil
depths for site N7 during the 2005 calibration period. Three statistical indices, root mean square
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error (RMSE), relative RMSE (RRMSE), and mean relative error (MRE), all defined in the text,
are used to quantify the goodness of fit of model parameterization. NP stands for neutron probe.
Figure 13. Comparison of model-simulated and field-measured soil water contents at various soil
depths for site R8 during the 2005 calibration period. Three statistical indices, root mean square
error (RMSE), relative RMSE (RRMSE), and mean relative error (MRE), all defined in the text,
are used to quantify the goodness of fit of model parameterization. NP stands for neutron probe.
Figure 14. Comparison of model-simulated and field-measured soil water contents at various soil
depths for site N7 during the 2006 prediction period. Three statistical indices, root mean square
error (RMSE), relative RMSE (RRMSE), and mean relative error (MRE), all defined in the text,
are used to quantify the goodness of fit of model parameterization. NP stands for neutron probe.
Figure 15. Comparison of model-simulated and field-measured soil water contents at various soil
depths for site R8 during the 2006 prediction period. Three statistical indices, root mean square
error (RMSE), relative RMSE (RRMSE), and mean relative error (MRE), all defined in the text,
are used to quantify the goodness of fit of model parameterization. NP stands for neutron probe.
Figure 16. Measured and simulated soil nitrate-nitrogen profiles at site N7 (simulated depth 1080
cm) during the soil-sampling dates of (a) November 10, 2005, (b) April 18, 2006, and (c)
November 7, 2006.
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Table 1. Soil physical properties for sites N7 and R8 by layer (in units employed in the
RZWQM)
Table 2. Nitrogen inputs and losses predicted by RZWQM for the 2005 and 2006 crop
seasons for site N7 for current, 50%, and 40% levels of N fertilization rates and various
levels of irrigation reduction through the LEPA system.
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Site N7
Layer

1
2
3
4
5
6
7
8
9
10

Horizon
Depth

Bulk
Densitya

Porosityb

Sand
fraction

Silt
fraction

Clay
fraction

Ksc

1/3-bar
W.C.d,1

(unitless)
0.517
0.445
0.509
0.532
0.479
0.464
0.491
0.479
0.468
0.426

(unitless)
0.056
0.027
0.033
0.114
0.115
0.090
0.126
0.141
0.267
0.344

(unitless)
0.686
0.621
0.624
0.558
0.554
0.610
0.631
0.638
0.513
0.416

(unitless)
0.258
0.352
0.343
0.328
0.331
0.300
0.243
0.221
0.220
0.240

(cm/hr)
1.3163
0.3911
0.7268
0.9829
0.2266
0.5431
0.7048
0.6966
0.6966
0.1463

(0.03 MPa)

(1.5MPa)

Silty loam
Silty clay loam
Silty clay loam
Silty clay loam
Silty clay loam
Silty clay loam
Silty loam
Silty loam
Silty loam
Loam

(cm)
0-23
23-74
74-168
168-221
221-363
363-625
625-848
848-889
889-945
945-1079

(g/cm3)
1.280
1.470
1.300
1.240
1.380
1.420
1.350
1.380
1.410
1.520

15bar
W.C.d,2

0.2260
0.2540
0.2710
0.2390
0.2070
0.2310
0.2340
0.2340
0.2480
0.2335

0.1305
0.1690
0.1617
0.1410
0.1215
0.1185
0.1070
0.1260
0.0960
0.1015

Total
Organic
Carbone
(%)
1.06
0.53
0.26
0.24
0.21
0.05
0.03
0.02
0.02
0.01

Silty clay loam
Silty clay loam
Silty clay loam
Silty clay
Silty clay loam
Silty clay loam
Silty clay loam
Silty clay loam
Clay loam
Silty clay loam

0-16
16-29
29-50
50-68
68-90
90-140
140-260
260-300
300-410
410-484

1.420
1.490
1.280
1.210
1.260
1.520
1.620
1.610
1.530
1.540

0.464
0.438
0.517
0.543
0.525
0.426
0.389
0.392
0.423
0.419

0.041
0.036
0.023
0.017
0.021
0.030
0.152
0.194
0.217
0.188

0.643
0.659
0.599
0.553
0.592
0.627
0.502
0.483
0.494
0.496

0.316
0.305
0.378
0.430
0.387
0.343
0.346
0.323
0.289
0.316

0.4480
0.4452
0.1553
0.0890
0.2799
0.8501
0.3237
0.1543
0.2968
0.1308

0.3540
0.3530
0.3800
0.3950
0.3820
0.3660
0.2990
0.2800
0.2730
0.2920

0.1500
0.1420
0.1780
0.2010
0.2170
0.1670
0.1310
0.1260
0.1190
0.1280

1.66
1.03
0.75
0.56
0.42
0.34
0.17
0.12
0
0

Soil Type

Site R8
1
2
3
4
5
6
7
8
9
10
a
b
c
d
e

core method
calculated assuming a particle density of 2.65 g/cm3
saturated hydraulic conductivity performed on collected core samples according to ASTM-D5084 Flexible wall permeability tests
soil water content (W.C.): 1-pressure-plate extraction; 2-pressure membrane extraction
LECO combustion analyzer of acid-treated sample
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Table 2
Description of method

Total N Input (kg/ha)

2005

a

1. Full rate irrigation , full rate N fertilization
2. Full rate irrigation, 50% N fertilization
3. Full rate irrigation, 40% N fertilization
4. Full rate irrigation, zero fertilization
5. 88% irrigation, full rate N fertilization
6. 88% irrigation, 50% N fertilization
7. 88% irrigation, 40% N fertilization
8. 88% irrigation, zero fertilization
10. 75% irrigation, full rate N fertilization
11. 75% irrigation, 50% N fertilization
12. 75% irrigation, 40% N fertilization
13. 75% irrigation, zero fertilization
14. 50% irrigation, full rate N fertilization
15. 50% irrigation, 50% N fertilization
16. 50% irrigation, 40% N fertilization
17. 50% irrigation, zero fertilization
a

b

Full rate of 2005-season irrigation = 48.55 cm

Crop
yield
(kg/ha)

Percent
change
in crop
yield

Storage
(10.8mprofile)

Rain

15384
15547
15531
11005
13654
14045
14090
10541
11834
11993
12132
9866
8005
8056
8128
7660

-------1.06
0.96
-28.46
-11.25
-8.70
-8.41
-31.48
-23.08
-22.04
-21.14
-35.87
-47.97
-47.63
-47.17
-50.21

1389.8
1270.9
1258.9
1251.6
1407.9
1285.6
1263.6
1252.5
1427.5
1307.0
1280.8
1252.5
1471.9
1350.8
1325.2
1253.7

9.4
9.4
9.4
9.4
9.4
9.4
9.4
9.4
9.3
9.3
9.3
9.3
9.3
9.3
9.3
9.3

b

427.4
214.4
170.4
-------427.4
214.4
170.4
------427.4
214.4
170.4
-------427.4
214.4
170.4
--------

Total N losses (kg/ha)

Mine
ralizati
on

Percent
change
in
mineral
-ization

Plant
uptake

41.2
41.3
40.1
40.9
42.1
42.3
42.0
41.8
42.8
43.1
43.2
43.0
43.7
44.3
44.4
44.9

-------0.18
-0.57
-0.69
2.02
2.73
1.91
1.61
3.87
4.71
4.82
4.49
6.03
7.57
7.78
8.91

360.8
364.0
340.1
180.5
328.7
337.7
332.1
178.9
294.5
299.3
302.2
179.2
217.4
220.9
222.8
179.8

c

Full rate of 2005-season fertigation = 427.4 kg/ha

Description of method

Percent
change
in plant
uptake

Deep
seepage

Percent
Denitrichange in fication
deep
seepage

Percent
change
in
denitrification

-------0.87
-5.74
-49.99
-8.92
-6.42
-7.95
-50.43
-18.39
-17.04
-16.26
-50.34
-39.75
-38.78
-38.24
-50.16

1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.7
1.7
1.7
1.7

-----0.01
0.02
-0.07
0.37
0.38
0.38
0.51
-0.15
-0.14
-0.15
-0.19
-1.16
-1.21
-1.21
-1.12

--------72.93
-75.62
-78.45
15.18
-66.35
-74.96
-78.5
29.82
-54.21
-68.56
-78.60
62.23
-25.06
-43.00
-78.58

e

1. Full rate irrigation , full rate N fertilization
2. Full rate irrigation, 50% N fertilization
3. Full rate irrigation, 40% N fertilization
4. Full rate irrigation, zero fertilization
5. 88% irrigation, full rate N fertilization
6. 88% irrigation, 50% N fertilization
7. 88% irrigation, 40% N fertilization
8. 88% irrigation, zero fertilization
10. 75% irrigation, full rate N fertilization
11. 75% irrigation, 50% N fertilization
12. 75% irrigation, 40% N fertilization
13. 75% irrigation, zero fertilization
14. 50% irrigation, full rate N fertilization
15. 50% irrigation, 50% N fertilization
16. 50% irrigation, 40% N fertilization
17. 50% irrigation, zero fertilization
d
Full rate of 2006-season irrigation = 51.48 cm

Percent
change
in crop
yield

Storage
(10.8mprofile)

Rain

Fertigatione

Deep
seepage

Percent
Denitrichange in fication
deep
seepage

Percent
change
in
denitrification

4.1
4.0
4.0
4.0
4.1
4.1
4.1
4.0
4.1
4.1
4.1
4.1
4.2
4.2
4.2
4.2

--------0.60
-0.78
-1.24
0.75
0.14
-0.02
-0.57
1.36
0.78
0.67
0.19
3.62
3.08
2.97
2.46

--------88.13
-94.46
-97.76
12.24
-81.28
-92.24
-97.62
24.38
-72.08
-86.09
-97.55
31.63
-53.68
-71.07
-97.56

15.0
4.1
3.7
3.2
17.3
5.1
3.8
3.23
19.5
6.9
4.7
3.2
24.4
11.3
8.6
3.2

Volatilization

12.6
2.6
1.5
0.0
13.1
2.7
1.6
0.0
13.5
2.8
1.7
0.0
15.2
3.2
1.9
0.0

Percent
change
in
volatilization

NUE

c

%

--------79.63
-88.09
-99.97
4.34
-78.54
-87.43
-99.97
7.71
-77.63
-86.71
-99.97
20.76
-74.72
-84.93
-99.97

42.20
85.59
93.70
-------35.04
74.06
89.94
------27.68
56.04
72.17
------8.79
19.14
25.23
------

Volatilization

Percent
change
in
volatilization

NUEf
%

24.1
4.7
2.8
0.0
25.3
5.2
3.0
0.0
27.0
5.8
3.4
0.0
30.9
6.8
4.1
0.0

--------80.34
-88.46
-100.0
5.07
-78.64
-87.40
-100.0
11.89
-75.76
-86.11
-100.0
28.13
-71.91
-83.02
-100.0

38.93
76.35
91.06
-------32.82
66.79
80.49
------26.40
55.41
68.02
-------16.70
32.65
41.90
--------

Nitrogen Use Efficiency

Total N Input (kg/ha)
Crop
yield
(kg/ha)

2006

d

Fertigationb

Mine
ralizati
on

Total N losses (kg/ha)
Percent
change
in
mineral
-ization

Plant
uptake

Percent
change
in plant
uptake

11626
-------1688.9 11.4 520.7
66.2 -------299.6
-------11898
2.34
1424.3 11.4 260.7
63.1 -4.66
295.9
-1.23
11823
1.69
1389.7 11.4 207.9
59.2 -10.50
286.1
-4.48
5618
-51.68
1374.7 11.4 -------45.4 -31.43
96.8
-67.67
10068
-13.4
1731.2 11.4 520.7
66.6 0.67
267.6
-10.68
10263
-11.72
1457.4 11.4 260.7
65.2 -1.46
270.8
-9.61
10581
-8.99
1409.5 11.4 207.9
61.0 -7.81
264.0
-11.87
5725
-50.76
1379.5 11.4 ------47.8 -27.84
96.7
-67.73
8439
-27.41
1776.9 11.4 520.7
66.3 0.17
233.7
-21.97
8720
-25.00
1504.6 11.4 260.7
65.9 -0.48
240.7
-19.64
8826
-24.08
1448.7 11.4 207.9
64.3 -2.80
237.7
-20.66
5742
-50.61
1383.0 11.4 -------48.8 -26.32
96.3
-67.86
6817
-41.36
1874.6 11.4 520.7
63.7 -3.83
185.0
-38.26
6754
-41.91
1607.1 11.4 260.7
64.1 -3.20
183.1
-38.87
6892
-40.72
1547.7 11.4 207.9
63.6 -3.97
185.1
-38.21
5645
-51.45
1391.1 11.4 ------52.9 -20.08
98.0
-67.29
e
f
Full rate of 2006-season fertigation = 520.7 kg/ha Nitrogen Use Efficiency

52

109.1
12.9
6.0
2.4
122.5
20.4
8.5
2.6
135.7
30.5
15.2
2.7
143.7
50.5
31.6
2.7
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Problem and Research Objectives
The Ozark Plateaus aquifer system consists of the Springfield Plateau and underlying Ozark
aquifers and historically has been the single most important source of water in the Tri-State
region of southeast Kansas, southwest Missouri and northeast Oklahoma. Concerns have been
raised by the Kansas water agencies and the Tri-State Coalition (a multi-state organization
consisting of water-related interest groups from the Tri-state region) that the available supply
from the Ozark aquifer may become inadequate, rendered unusable, or require additional water
treatment in the near future because of overdevelopment. In response, the Division of Water
Resources, Kansas Department of Agriculture (DWR), has instituted a moratorium on new
appropriations from the aquifer system in southeast Kansas. The Southeast Kansas Ozark
Aquifer Water Supply Study was also conducted by the Kansas Geological Survey to redesign a
new water-level monitoring network.
Many southeast Kansas and southwest Missouri water supplies withdraw water from a 40-60-km
wide transition zone in the Ozark aquifer separating low dissolved solids calcium-bicarbonate
ground waters to the east from sodium chloride brines to the west (Figure 1). These supplies
withdraw water using single or multi-aquifer wells. Two earlier regional studies indicated
significant short and long-term changes in the chemical quality of produced water from these
wells. It is unclear if the observed variability results from quality degradation in the Ozark, the
Springfield Plateau, or both aquifers over the entire transition zone due to long-term use or if
short-term variability in pumping stress is the dominant influence on water quality. The former
implies eastward movement of poorer quality water whereas the latter might imply local
upconing of poorer quality water from the lower part of the aquifer. The data needed to evaluate
these mechanisms is currently unavailable. Earlier studies were done in the 1970s and early
1980s and no synoptic sampling has since been carried out to assess how these changes have
progressed within the transition zone in southeast Kansas and southwest Missouri.
The goal of this proposed project is to assess the influence of pumping on the temporal
variability in the quality of water produced from single and multi-aquifer wells within the Ozark
aquifer transition zone in Crawford and Cherokee counties in southeast Kansas. Toward this
end, the project has focused primarily on monthly water-quality monitoring to characterize the
magnitude and timing of the changes in the geochemistry of the Ozark Plateaus aquifer system
relative to pumping stress at 9 sites within the transition zone in southeast Kansas. The project
has also addressed the temporal aspects of water quality change within the Ozark aquifer
transition in the 25 years since previous investigations were reported. In the second year of the
project attention has shifted to conducting pumping tests to assess water-quality fluctuations in
produced water during a pumping cycle. To facilitate monitoring, prototype water-quality
monitoring systems have been designed and used to gather data at a high frequency to
characterize these fluctuations. Additionally, water samples have been periodically collected
during these tests and analyzed to assess data quality from the prototype monitoring systems.
The project addresses the following Kansas Water Plan objectives: By 2015, achieve sustainable
yield management of Kansas surface and ground water sources outside of the Ogallala aquifer
and areas specifically exempt by regulation. By 2010, ensure that all public water suppliers have
the technical, financial, and managerial capability to meet their needs and Safe Drinking Water

Act requirements. By 2010, less than 5 percent of public water suppliers will be drought
vulnerable.

Increasing TDS and
dissolved hydrogen
sulfide; mixed cationmixed anion
High TDS,
SodiumChloride type
Low TDS,
Calcium,
MagnesiumBicarbonate type

Figure 1. Extent and characterization of the three water quality provinces in the Ozark aquifer in
the Tri-State region of southeast Kansas, southwest Missouri, and northeast Oklahoma.
Taken from Macfarlane and Hathaway (1987).
Methodology
Well selection: In the initial plan two sets of nearby wells located within the Ozark aquifer
transition zone were to be selected for water sampling. Each set was to consist of an Ozark,
Springfield Plateau, and multi-aquifer well and ideally the wells in each set were to be located
within a few kilometers of each other. However, difficulty was experienced in securing
Springfield Plateau aquifer wells for incorporation in the study. As an alternative, nine
municipal and rural water district wells located within the Ozark aquifer water-quality transition
zone were selected for monthly water sample collection and water-level monitoring (Figure 2,
Table 1).
Water sampling and water-level measurements: The wells were visited monthly to collect water
samples and water-level data. On arrival at the well site the depth to water from surface was
measured and the owner/operator was asked when the well was last pumped, if the well had not
been pumping. Depth to water measurements were made with a chalked and unweighted steel
tape. In October 2006 an In Situ mini-TROLL was installed in an observation in the City of
Pittsburg wellfield and set to collect and store for later downloading a measurement every 15
minutes for continuous monitoring (Figure 3).
After the pump was turned on, the sampling port (tap, usually) was opened and the water was
allowed to flow. As the water flowed from the sampling point, ground-water temperature and

specific conductance were monitored. Samples were not collected until both parameters
stabilized and at least one well volume of water had been pumped out. Ground-water
temperature, specific conductance, and pH were measured on site and recorded prior to
collection of a water sample. Unfiltered 1 L samples were collected in numbered Nalgene
Table 1. Water supply wells sampled for water quality during the first year of the project.
Well
Township Range
Water supply
Number Aquifer
S
E
Sec.
Qualifier
Cherokee RWD 3
1
Ozark
34
24
17
SWSWSE
Columbus
4
Ozark
32
23
13
NENENW
Springfield
Brock
1
Plateau
31
25
5
SWNWSE
Ozark
Weir
1
Plateaus
31
24
27
NWSESW
Pittsburg
10
Ozark
30
25
28
NENESE
Girard
3
Ozark
30
24
21
NESENE
Crawford Co.
North
Ozark
RWD 1C
well
30
24
2
SESESE
Crawford Co.
Ozark
RWD 4
3
Plateaus
31
24
16
NENENE
Crawford Co.
Ozark
RWD 5
1
Plateaus
30
25
23
SESWSW

Figure 2. Distribution and construction of water supply wells sampled within the Ozark aquifer
transition zone.

N
Well 8
Pittsburg
Observation Wells

Well 9

Well 10

Well 11

Figure 3. Layout of the City of Pittsburg wellfield with respect to the observation wells.

plastic bottles and stored on ice until their return to the KGS Analytical Services laboratory to be
logged in for analysis.
Water analysis: After the samples had been logged in, they were filtered using 0.45 μm filter
paper to remove suspended sediment prior to chemical analysis. Analyses were completed to
determine major and selected minor constituent concentrations using standard atomic absorption
and ion chromatographic techniques. pH and bicarbonate were determined in the laboratory
using a titrimeter. Concentrations of dissolved silica, calcium, magnesium, sodium, potassium,
strontium, and boron were determined using the ICP. Chloride and sulfate were determined
using the Alpkem instrument. Fluoride was determined using an ion-specific electrode.
Pumpage data: Total monthly use data have been obtained from DWR for 2006 and 2007. The
reported data includes all quantities of water irrespective of source. However, for the data to be
useful additional work needs to be done to determine how much of the total was used by the well
that was sampled at each supply.
Data analysis: The water chemistry data have been used to determine water types and create
constituent ratio and time series plots for well sampled. Bar graphs of monthly amounts of
ground water pumped from the Pittsburg wellfield were also prepared and compared to the time
series water chemistry plots.
Results Using All Sample Analyses
The results of the first and second year of sampling reveal evidence of short- and long-term
fluctuations and apparent, long-term trends in ground-water quality (Figures 4-7). Data from
well 1 of the Crawford County Consolidated RWD 1 show significant short term fluctuations in
chloride, sulfate and bicarbonate concentration. Longer period fluctuations in the concentrations
of these constituents are captured in the data from Pittsburg well 8, Columbus well 4, and
Cherokee County RWD 3 well 1. The data suggest a slight downward trend in the chloride
concentration over time in the samples from Crawford County RWD 5 and a slight upward trend
in chloride concentration in the samples from Girard well 3. Samples from Weir well 1 and
Crawford County RWD 4 well 3 indicate a relatively constant water quality during the collection
period. Water types based on the milliequivalents of the cations (Ca, Mg, Sr, Na, and K) and the
anions (HCO3, Cl, and SO4) range from mixed cation-mixed anion to mixed cation-chloride
(Figure 8). For many of the supplies, the relative variability in the composition of the dissolved
constituents expressed in Figure 8 is due to fluctuations in the relative amounts of Cl, SOs, or
both within the sampling period.

Figure 4. Monthly fluctuations in water chemistry from samples collected from the Crawford County Consolidated RWD 1 well 1
(left) and the City of Pittsburg, well 8 (right).

Figure 5. Monthly fluctuations in water chemistry from samples collected from Crawford Co. RWD 4, well 3 (left) and the City of
Girard, well 3 (right).

Figure 6. Monthly fluctuations in water chemistry from samples collected from Crawford Co. RWD 5, well 3 (left) and the City of
Weir, well 1 (right).

Figure 7. Monthly fluctuations in water chemistry from samples collected from the City of Columbus, well 4 (left) and the Cherokee
County RWD 3 well 1 (right).

Figure 8. Chemistry of the samples collected in years 1 and 2 from the 5 monitored supplies in
Crawford County (upper plot) and the 3 monitored supplies in Cherokee County (lower
plot). The relative amounts of Ca + Mg + Sr and HCO3 are expressed as percentages of
total cation (Ca, Mg, Sr, Na, and K) and anion milliequivalents (HCO3, Cl, SO4) for each
sample.

Water samples from the freshwater side of the chemical transition zone (Figure 1) have much
higher sulfate to chloride mass ratios and much lower chloride concentrations relative to samples
collected from wells located downgradient of the transition zone where Ozark ground waters
exceed 10.000 mg/L total dissolved solids (Figure 9). All samples collected for this project plot
nearer the freshwater side of the transition zone on the chloride vs. sulfate/chloride graph and
generally follow a linear trend between the freshwater and brine end members in log-log space.

Figure 9. Graph of chloride vs. sulfate/chloride mass ratio for ground-water samples collected
during this project in comparison with samples collected from wells tapping the
freshwater and brine portions of the Ozark aquifer reported in Macfarlane and Hathaway
(1987). The line is the best-fit power curve based only on the data from the freshwater
and the brine portions of the aquifer. The power curve equation is: SO4/Cl =
28.105*[Cl’]-0.8919.

Plots of chloride vs. the sulfate/chloride mass ratio were prepared using the data from each
supply sampled over the course of the project. The best-fit power curve was calculated and
compared with the power curve in Figure 9 (Table 2). It is apparent from the range of values
Table 2. Comparison of the best fit power curves to the sulfate/chloride mass ratio vs. chloride
concentration data from the supplies sampled in the transition zone in this project in
comparison to samples that were collected from supplies in the freshwater and brine parts
of the aquifer in 1980-81.
Supply

Best-fit Power Curve Equation

R2

Supplies in the Freshwater & Brine
Data Only (1980-81 data)

SO4/Cl = 28.105*[Cl]-0.8919

0.80

Pittsburg

SO4/Cl = 6583.7*[Cl]-2.0516

0.50

Crawford Co. Cons. RWD 1, well 1

SO4/Cl = 3.2592*[Cl]-0.3496

0.03

Crawford RWD 4 well 3

SO4/Cl = 2.4359*[Cl]-0.21725

0.03

Crawford RWD 5, well 1

SO4/Cl = 492.37*[Cl]-1.6901

0.21

Girard well 3

SO4/Cl = 164.19*[Cl]-1.1081

0.28

Weir well 1

SO4/Cl = 149.25*[Cl]-1.2351

0.60

SO4/Cl = 24.602*[Cl]-0.82

0.71

SO4/Cl = 0.87404*[Cl]-0.27314

0.03

Columbus well 4
Cherokee RWD 3, well 1

of the exponent for each of the best-fit power equation lines that only some of the data from the
individual supplies follow the trend of the data from the supplies in the freshwater and brine
portions of the aquifer. The low R2 values for some of the supplies suggest that processes other
simple mixing were affecting the chloride and sulfate concentrations at these sites during the
sampling period.
Results of the Chemical Quality Pumping Tests
Two pumping tests were conducted on the Pittsburg well 8 to assess fluctuations in water quality
over the time scale of a pumping cycle. The first test was conducted 12/4-5/07 for 26.71 hours
after pumping began. The second test was conducted 2/27-28/08 and began and ended 24.25
hours and 54.83 hours, respectively after pumping began. For each test a prototype water-quality
monitoring system was installed (Figure 10) and water samples were collected periodically to
compare with the results from the automated monitoring system.

A.

B.

Figure 10. The second prototype automated water-quality monitoring device. A. Setup of the
specific ion, pH, temperature, and specific conductance probes; the flow through system,
and the data logger. B. Location of automatic monitoring system with respect to the well
8 pump in the Pittsburg field.
Problems related to degassing of the water flowing through the monitoring device and poisoning
of the specific ion probes by hydrogen sulfide arose during both tests. Most of the data collected
by the monitoring system are suspect. Currently, a new, prototype device has been designed and
will be deployed for testing in June 2008.
The chemical analysis results from the water samples collected during both tests did yield
interesting results with respect to fluctuations within and between pumping cycles. In the first
test the chloride, sulfate, calcium and magnesium concentrations decrease with time and
gradually leveling off at the time of the last sample collection (Figure 11) and the fluoride and
strontium concentrations show little fluctuation. Boron concentration rapidly increases and then
rapidly decreases with time (Figure 12). The erratic behavior in the boron concentration is likely
due to analytical error. During the second test, the concentrations of most of the major
constituents and potassium are lower at the start of the test than they were at the end of the first
test and then fluctuate within the range of analytical error. In the second test, the boron,
fluoride, and strontium concentrations remain relatively constant. The proportions of the
calcium + magnesium + strontium milliequivalents relative to the total for the cations decrease
slightly and the bicarbonate milliequivalents relative to the total for the anions increase slightly
during the first test (Figure 13). The proportion of calcium + magnesium + strontium decreases
very slightly in the second test but the bicarbonate remains fairly constant. The sulfate to
chloride mass ratios and the chloride concentrations suggest slight differences in chemical
quality between the two tests (Figures 14, 15).

Figure 11. Fluctuations in the major (calcium, magnesium, sodium, bicarbonate, sulfate and
chloride) ion and potassium concentrations during the two water-quality pumping tests.

Figure 12. Fluctuations in the strontium, fluoride, and boron concentrations during the two
water-quality pumping tests.

Figure 13. Fluctuations in the amounts of calcium + magnesium + strontium and bicarbonate
relative to the total milliequivalents of the cations and anions, respectively, during the
two chemical quality tests.

Figure 14. Fluctuations in the sulfate/chloride mass ratio during the two chemical quality tests.

Figure 15. Log-log plot of chloride vs. sulfate to chloride mass ratio for samples from both
chemical quality tests. Note that the sample points plot in differing regions of the plot.
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