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Introduction

Introduction During 2013 the Oklahoma Water Resources Research Institute (OWRRI, part of the Oklahoma
Water Resources Center) continued its integration in to the Division of Agricultural Sciences and Natural
Resources at Oklahoma State University (OSU).

This report summarizes some of our accomplishments in 2013. Highlights are presented below. 1. We
awarded three research grants of $25,000 each to three researchers. Funding from the 104B program provided
$50,000, which was matched 1:1 with funding from the Oklahoma Water Resources Board. The PI's
university funded an additional match of 1:1. A third project was funded by the Oklahoma Agricultural
Experiment Station with $25,000, which was matched 1:1 with funding from the Oklahoma Water Resources
Board. Objectives of the research projects were to conduct studies to estimate the feasibility of estimating
groundwater recharge using the Oklahoma Mesonet, explore the potential of feedstock crops to increase water
yield in former redcedar rangelands, and compare sorghum and corn production under different irrigation
regimes in the Oklahoma Panhandle. 2. Research activities continued on our two 104G projects. In 2010 an
Oklahoma State University and University of Arkansas research team won a $200,000, two-year grant to
investigate the subsurface flow of phosphorus through preferential flow channels in the alluvium of streams in
eastern Oklahoma and western Arkansas. In 2009, a team based at Oklahoma State University and the
University of Oklahoma, received a $225,000, three-year grant to investigate the impact of eastern red cedar
encroachment on groundwater. 3. We co-sponsored and co-hosted the 11th annual Water Research
Symposium and 34th annual Governor s Water Conference in Midwest City and included about 400
attendees. The keynote speakers were Steve Solomon, author of "Water: The Epic Struggle for Wealth,
Power, and Civilization" and David Zetland, author of "The End of Abundance." 4. We electronically
published one issue of our newsletter the Aquahoman, conducted seminars for Extension staff on water issues
surrounding policy, drought, redcedar, and hydraulic fracturing.
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Research Program Introduction
Research Program Introduction

In 2012, OWRRI revised the mechanisms for its annual grants competition (for 2013 awards) to begin with
the submission of one-page pre-proposals. These pre-proposals are reviewed by our 22-member Water
Research Advisory Board (WRAB) and five to ten selected to continue in the competition by submitting full
proposals. After peer reviews, the WRAB chooses three projects for funding.

Pre-proposals were solicited from all universities in Oklahoma. Thirty pre-proposals were received from four
institutions: Oklahoma State University, East Central University, the University of Tulsa, and the University
of Oklahoma. Nine were selected to be submitted as full proposals, and from these, three projects were
selected for funding with a project duration of one year.

- Estimating Groundwater Recharge Using the Oklahoma Mesonet. (Dr. Tyson Ochsner, Oklahoma State
University) builds on this team's previous two projects sponsored by OWRRI that developed plant available
moisture capabilities for the Oklahoma Mesonet to produce data regarding groundwater recharge from the
same instrumentation. Dr. Tyson Ochsner's project will provide estimates of recharge to groundwater using
Oklahoma Mesonet-based recharge estimates. The project addressed the priority of developing methods of
monitoring groundwater that was established by the Water Research Advisory Board. The project will lay the
foundation for an operational statewide groundwater recharge estimation system based on the Oklahoma
Mesonet.

- Comparison of Grain Sorghum and Corn Productivity under Limited Irrigation with Subsurface Drip (Dr.
Jason Warren, Oklahoma State University) will investigate the production advantage of grain sorghum over
corn when irrigation is significantly limited. This project will also serve as a demonstration for the use of
subsurface irrigation for sorghum. Dr. Jason Warren's project addresses the alarming drawdown of water from
the Ogallala aquifer, more than two-thirds of which is the result of crop irrigation. The project will compare
irrigated water use, productivity, and economic viability of grain sorghum as an alternative to corn, a less
drought tolerant, yet dominant crop in the region. In a previous 104B grant, Dr. Warren's research
demonstrated that water use by grain sorghum was much less than water use by corn.

- Remote Sensing of Water Quality and Harmful Algae in Oklahoma's Lakes (Dr. David Hambright,

University of Oklahoma) will use satellite imagery and handheld devices to test the efficacy of remote sensing
to detect potential harmful algae blooms. This is a proof-of-concept project.

Research Program Introduction 1



Award--Utilization of Regional Climate Science Programs in Reservoir and Watershed Impact Assessments

Award--Utilization of Regional Climate Science Programs in
Reservoir and Watershed Impact Assessments

Basic Information

Award--Utilization of Regional Climate Science Programs in Reservoir and
Watershed Impact Assessments

Project Number:|20120K269S
Start Date:|5/14/2012
End Date:|4/15/2013
Funding Source:|Supplemental

Title:

Congressional
District:

Research Category:|Climate and Hydrologic Processes

Focus Category:|Climatological Processes, Models, Management and Planning

Descriptors:

Principal
Investigators:

Publications

Dave Engle, Yang Hong, Renee McPherson

1. Lei Qiao, Yang Hong, Renee McPherson, Mark Shafer, Sheng Chen, David Williams, David Gade,
and Douglas Lilly, 2013, Climate change and hydrological response in the trans-state Oologah Lake
watershed - Evaluating dynamically downscaled NARCCAP and statistically downscaled CMIP3
simulations with VIC model, Water Resources Management (in review)

2. Lei Qiao, Yang Hong, Renee McPherson, Mark Shafer, Sheng Chen, David Williams, David Gade,
and Douglas Lilly, 2013, Climate change and hydrological response in the trans-state Oologah Lake
watershed - Evaluating dynamically downscaled NARCCAP and statistically downscaled CMIP3
simulations with VIC model, Water Resources Management (in review)

3. None.
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Project Report for “Utilization of Regional Climate Science Programs in Reservoir and
Watershed Impact Assessments”
through the Responses to Climate Change Program, U.S. Army Corps of Engineers

Pl: Renee A. McPherson; Co-Pls: Yang Hong and Mark Shafer

Overview
The funded work sought to efficiently and effectively capitalize on information from federal and
university climate science programs for reservoir yield analyses, reservoir water quality models,
watershed models, and development of future drought contingency plans. Tasks completed were
as follows:

= The University of Oklahoma (OU) collected downscaled climate projection datasets,
using a variety of global climate models, regional climate models, and statistical
downscaling. Data was extracted at or near the pilot location (Lake Oologah and its
watershed).

= OU compared data from the historical runs for each climate model run and statistically
downscaled dataset to observations from near Lake Oologah to verify that the
corresponding climate projections represent feasible future projections.

= OU benchmarked the Variable Infiltration Capacity (VIC) model with an historical
dataset for at least a 10-year period.

= QU input historical and projected gridded climate data into the VIC model and provided
output from this model to the USACE for incorporation into their modeling efforts and
decision tools. Output included time-series hydrographs for a 50-year planning horizon
that could be used for reservoir simulation and yield studies.

= QU provided input to reports that would be disseminated USACE-wide and to other
stakeholders through the Water Management and Reservoir Reallocation Studies
Planning Center of Expertise by USACE.

One of the intents of this pilot study was to leverage climate-related resources available at the
National Weather Center at the University of Oklahoma in Norman, OK. At the time the grant
was funded, there was no straightforward mechanism to transfer funds between the U.S. Army
Corps of Engineers—Tulsa District and OU. We strove for several months to find a pathway that
would minimize administrative costs, including trying to transfer funds to the National Oceanic
and Atmospheric Administration (NOAA), then to OU via an existing cooperative agreement
that funds the Southern Climate Impacts Planning Program, a NOAA Regional Sciences and
Assessments (RISA) program. Unfortunately, NOAA projected a 6-12 month process that
involved lawyers at USACE and NOAA to transfer funding between these government entities.
Finally, USACE was able to transfer funds via a standing agreement with the U.S. Geological
Survey’s (USGS) Oklahoma Water Science Center, which had an existing agreement with
Oklahoma State University (OSU) for the transfer of funds related to water research (via their
Oklahoma Water Resources Research Institute). From OSU, funding could be made available to
OU, although additional indirect costs for administering the grant at OSU were taken, reducing
the amount available for conducting the science at OU. We recommend that the USACE work
with the USGS to allow the transfer of funds for climate-related research to the newly
established USGS Climate Science Centers. OU is the host institution (as of March 2012) for the



South Central Climate Science Center and has a cooperative agreement with USGS that should
allow for transfer of funds between USACE and OU with minimal additional overhead.

Another intent of this pilot study was to determine if there were additional opportunties for
collaborative work, especially as related to future climate challenges faced by USACE. Related
work in the Red River Basin has been proposed through the annual science supplemental funding
process of the USGS for the Climate Science Centers, and we intend to work with USACE on
other studies of interest to them for important basins within the Tulsa District. In all, this project
has been successful at establishing dialogue and collaborative research between USACE and the
National Weather Center, especially its climate science and climate impacts programs. These
opportunities are critical for USACE to access experts in cutting-edge science in the university
environments as well as for OU to help serve Oklahoma and the south-central region in
actionable science.

Study Results
Simulated historical and projected climate data from the North American Regional Climate

Change Assessment Program (NARCCAP) and Bias-Corrected and Spatially Downscaled —
Coupled Model Intercomparison Phase 3 (BCSD-CMIP3) forced the hydrologic model. In North
America, the North American Regional Climate Change Assessment Program (NARCCAP) is
currently the most comprehensive regional climate-modeling project for climate change impact
studies [Mearns et al. 2009; Mearns et al. 2012]. The NARCCAP ensemble comprises a set of
regional climate models (RCMs) driven by a set of atmosphere-ocean general circulation models
(GCMs) over a domain covering the conterminous United States and most of Canada. The
GCMs have been forced with the Special Report on (BRES)0oAR Soeissirs
scenario for the 21st century; hence, the global average CO, is projected to reach 850 ppm by
2100 [IPCC 2000]. The RCMs were nested within the GCMs for the period 1971-2000 and for
the future period 2041-2070. For comparison of hydrological responses driven by different
downscaled climate projections, the bias-corrected and spatially downscaled Coupled Model
Intercomparison Phase 3 dataset (BCSD-CMIP3) was also incorporated (using the LLNL-
Reclamation-SCU downscaled climate projections data derived from the World Climate
Research Program’s CMIP3 multi-model dataset that is stored and served at the LLNL Green
Data Oasis). This multi-model dataset includes 112 World Climate Research Program CMIP3
members with the CO, emission scenarios of Alb, A2, and B1, and each climate projection was
bias-corrected and spatially downscaled [Maurer et al. 2007; Wood et al. 2002]. The Alb and B1
scenarios in BCSD-CMIP3 were not considered for direct comparison with NARCCAP because
only the A2 emission scenario is available from NARCCAP.

The VIC model of Liang et al. [1994, 1996, and 1999] was implemented for the Oologah Lake
watershed (Figure 1). It is a semi-distributed, grid-based hydrological model that simulates land
surface-atmosphere hydrometeorological processes with both the water and energy budgets. In
our application, version 4.1.2.c was used with three soil layers defined according to the
STASTGO dataset. Land use and cover was leveraged from the Land Data Assimilation System
project (http://Idas.gsfc.nasa.gov/nldas/NLDASnews.php), originally derived from the University
of Maryland’s 13-land-cover-type scheme (Figure 1). Upscaling of routing phase parameters
(e.g., flow direction) was conducted from the Hydro-1k digital elevation model using an
algorithm provided by VIC developing group (http://www.hydro.washington.edu). The VIC
model was first driven by atmospheric forcing from the University of Washington’s gridded



dataset [Maurer et al., 2002]. The model was calibrated with the SP-UCI (shuffled complexes
with principal component analysis) algorithm [Chu et al. 2010; Chu et al. 2011].
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Figure 1. Study area with features of river, lakes, and political boundaries (left), elevation
(middle), and land use and cover from the University of Maryland’s 13-land-cover-type scheme

(right).

Evaluation and comparison of the results shows the following: (1) From the hydrologic point-of-
view, the dynamically downscaled NARCCAP projection performed better, most likely in
capturing a larger portion of mesoscale-driven convective rainfall than the statistically
downscaled CMIP3 projections; hence, the VIC model generated higher seasonal streamflow
amplitudes that are closer to observations. (2) Future water availability (precipitation, runoff, and
base flow) in the watershed would increase annually by 3-4%, suggested by both NARCCAP
and BCSD-CMIP3. Temperature increases (2.5-3°C) are more consistent between the two types
of climate projections both seasonally and annually. However, NARCCAP suggested 2-3 times
higher seasonal variability of precipitation and other water fluxes than the BCSD-CMIP3
models. (3) The hydrologic performance could be used as a potential metric to comparatively
differentiate climate models, since the land surface and atmosphere processes are considered
integrally.

Detailed results of the study are provided in the companion journal article, submitted to Water
Resources Research in March 2013 by Lei Qiao, Yang Hong, Renee McPherson, Mark Shafer,
Sheng Chen, David Williams, David Gade, and Douglas Lilly.



Financial Update
As of April 15, 2013, the following expenses were incurred:

Item Budgeted Actual Expenses
Pl and Co-PI salaries $4,796 $XXX
Post-doctoral associate salary $18,000 $20,000
Fringe benefits $6,104 $XXX
University of Oklahoma indirect costs $14,450 $XXX
Oklahoma State indirect costs $10,515 $10,515

Expenses for Oklahoma State University were solely a result of the inability to transfer funding
directly from the U.S. Army Corps of Engineers—Tulsa District to the University of Oklahoma.
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Remote Sensing of Water Quality and Harmful Algae in
Oklahoma s Lakes

Basic Information

Title:

Remote Sensing of Water Quality and Harmful Algae in Oklahoma s Lakes

Project Number:

20130K292B

Start Date:

3/1/2013

End Date:

2/28/2014

Funding Source:

104B

Congressional District:

3,4

Research Category:

Water Quality

Focus Category:

Water Quality, Surface Water, Climatological Processes

Descriptors:

Principal Investigators:

K. David Hambright, Andrew R Dzialowski, Xiangming Xiao

Publication

1. No publications to date.
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Interim Report

Title: Remote Sensing of WQ and harmful algae in OK Lakes

Start Date: 1 March 2013

End Date: 30 July 2014

Congressional District: 3,4

Focus Category: WQL; SW; CP

Descriptors: Grand Lake, Lake Texoma, satellite imagery, GPS digital camera, water quality

Principal Investigators: K.D. Hambright (University of Oklahoma); X. Xiao (University of
Oklahoma); A.R. Dzialowski (Oklahoma State University)

Publications: in progress
Problem and Research Objectives:

The many lakes (reservoirs) of Oklahoma provide rich fisheries, abundant recreational
activities, and a general, high-value aesthetic quality to the state. Many large lakes, such as
Texoma, Eufaula, and Grand Lakes also serve as critical economic engines for communities
around those lakes. Agriculture and continued urban and rural development have generated
excessive nutrient inputs to many of our lakes, leading to increased frequency and magnitude of
harmful algal blooms (HABs), particularly of toxic cyanobacteria (blue-green algae). Blooms of
cyanobacteria, which can produce a variety of harmful toxins including: hepatotoxins,
neurotoxins, or dermatoxins that may be harmful or lethal to animals and humans, have been
exacerbated by recent drought and heat conditions. In 2006, a pet died from cyanotoxin exposure
in Lake Texoma and in 2012, two dogs died from exposure in Lake Ellsworth (Lawton) to
cyanobacterial toxins. Many humans have experienced sub-lethal adverse acute effects from
cyanobacteria, particularly in recent years (R. Lynch, OUHSC, College of Public Health), but we
have little understanding of the consequences of chronic exposures. Fortunately, no human
fatalities in Oklahoma have yet been linked to cyanobacteria.

Recently, the Oklahoma Secretary of the Environment convened a committee of experts
from across the state to provide recommendations for the state’s HAB monitoring needs. That
committee concluded that just to monitor the largest 100 lakes once monthly for a year, $3.5
million would be required (Smithee et al. 2012). A program designed to provide the necessary
coverage of Oklahoma’s lakes sufficient for safeguarding public health would require more
frequent monitoring at higher spatial resolutions and therefore would require much more
funding. More importantly, experience gained from other states faced with similar HAB
problems, indicates that even the most basic (= insufficient) statewide monitoring program for
HABEs is not economically sustainable (K. Loftin, USGS, Lawrence, KS, pers. comm.). At
present, Oklahoma does not have a sufficient monitoring program in place for protecting the
health of the public who visit and swim, boat, and fish in the state’s many large lakes. With little
effort and monies being directed to mitigation of nutrient pollution, HAB issues are forecast to
worsen with time. As such, Oklahoma is in dire need of a solution for dealing with the threat of
HABs — one that is low in cost, is sustainable, and offers real-time public protection.



This project represents an initial phase of a long-term strategic plan between the Xiao,
Hambright, and Dzialowski labs and other collaborating scientists, engineers, and agencies in the
region (C. Armstrong and J. Wright, Oklahoma Department of Environmental Quality-DEQ); T.
Clyde, US Army Corps of Engineers-USACE; J. Chambers and D. Martin, Oklahoma Water
Resources Board-OWRB; J. Graham and K. Loftin, US Geological Survey-USGS; D. Townsend,
Grand River Dam Authority-GRDA). Our long-term goal is twofold: 1) to improve our
knowledge and capacity of remote sensing of water quality and harmful algal blooms using
chlorophyll-a, plus the accessory pigments phycocyanin (unique to cyanobacteria) and
carotenoids (found in golden algae, another group of HAB species important in Oklahoma and
the region), and 2) to develop a monitoring program for water quality and harmful algal blooms
in Oklahoma lakes based on traditional approaches coupled to remote sensing and digital
photography. In short, we aim to provide the State of Oklahoma a comprehensive program for
monitoring surface water quality and HABs that will greatly enhance current risk management
capabilities with respect to public health and the state’s recreational water bodies.

This two-lake pilot study will provide proof-of-concept across a range of water body
types and water qualities and will provide a foundation for multiple future projects. For example,
because LANDSAT images extend back to the 1970s, it may be possible to examine long-term
trends in Lake Texoma (and other lakes) water quality (from LANDSAT images) as related to
both land-use and climate change. We would also expand our data collection and analyses to
more lakes around the state, and because LANDSAT images have resolutions of 30 m and are
available only at 16-day intervals, we will pursue increased collaboration with USGS and
USACE to develop a near real-time, satellite-based, water quality and HAB monitoring model
for all large lakes in the state using daily images from satellites such as MERIS (15 bands, 300-m
resolution) and RapidEye (5 bands, 6.5-m resolution), as well as DoD satellite imagery available
through the USACE. Such a monitoring tool could provide efficient, near-real time, low-cost
remote monitoring for targeting limited resources for in-situ monitoring while allowing greater
coverage of lakes for public health protection.

Methodology:

We have sampled 12 and 11 sites each in Lake Texoma and Grand Lake, respectively,
based on previous monitoring programs of the PEL lab (Texoma) and the BUMP program of
OWRB (Grand) (OWRB 2010). Grand Lake has been visited four times; Texoma three. An
additional visit to each lake is planned for May 2014. During lake visits, samples were collected
for chlorophyll (total algae), phycocyanin (blue-green algae), golden algae, total organic carbon
(TOC), colored dissolved organic matter (CDOM), and turbidity. We also measured reflectance
of the water at each sample site, using ASD FieldSpec@3 and ASD Handheld-2
spectroradiometers. Ten measurements were recorded from each side of the boat, and the mean,
median, and standard deviation of these twenty measurements constitute the reflectance for each
site. White-surface calibration of the instrument was done every 30 minutes or more frequently if
sky conditions changed. In addition to NADIR angle measurements, we carried out
measurements at several viewing angles, and the resultant data will be used for radiative transfer
models and the study of the effect of viewing angles on in-sifu water reflectance. We also used a
GPS-enabled digital camera (Casio Exilim EX-H20G) and an iPhone to take photos of the water
at each site.

Temperature, pH, dissolved oxygen (DO), conductivity, chlorophyll a (a proxy for total
algal biomass), and phycocyanin (a proxy for cyanobacterial biomass) were measured in situ
with a Hydrolab DS5x sonde (Texoma) or a YSI 6600 V2-4 sonde (Grand). The sondes were
deployed at 1-m intervals from the surface to the thermocline or lake bottom (depending on



season and site). Light extinction was measured using a Li-Cor 2 PAR sensor deployed at 1-m
intervals from the surface to 1% surface light. Secchi depth was measured using a standard 20-
cm Secchi disk. Depth-integrated (upper 10 m or to 1% surface light) water samples (250 mL)
were collected in sterile Nalgene bottles, stored on ice in the field, and refrigerated in the
laboratory for subsequent sub-sampling for CDOM, extracted chlorophyll, and turbidity. Golden
algae densities were measured using qPCR (Zamor et al. 2012). CDOM was measured by
fluorometry (American Public Health Association 2012).

The spectral characteristics of water in lakes are functions of hydrological, biological and
chemical characteristics of water and other interference factors (Seyhan and Dekker, 1986). We
are currently conducting statistical data analyses of water constituents (pigments, turbidity,
CDOM, Secchi) and water hyperspectral reflectance from ASD instruments for Lake Texoma
and Grand Lake. We will aggregate hyperspectral reflectance data to multi-spectral reflectance
data for Landsat, MERIS, and MODIS sensors. We will evaluate the responses and sensitivity of
individual spectral bands to spatial-temporal variations of water constituents (chlorophyll-a,
phycocyanin, carotenoid, CDOM, Secchi depth). We will then evaluate the current bio-optical
models available in the literature, e.g., 2-band models and 3-band models (Odermatt et al. 2012).
We will process available Landsat 5 (TM) and 7 (ETM+) images and construct and refine
statistical models between Landsat-based reflectance and the various water quality parameters.

Principal Findings and Significance:

Due to a number of uncontrollable issues, including the resignation of our postdoc, his
replacement by a younger, less-experience graduate student, and a high coincidence of cloud
cover days during satellite fly overs, the PI’s requested a no-cost extension (granted through 30
July 2014) of our project to allow us to better fulfill our obligations.

Our post doc resigned unexpectedly in October. Fortunately, a new graduate student
entered Prof. Xiao’s lab last fall, completed her course in remote sensing and has assumed the
responsibilities of the former postdoc. She is quickly getting up to speed on the project, and the
additional time will be beneficial to the completion her analysis of the all LANDSAT images,
and generation of the corresponding models relating reflectance to water quality parameters.

Secondly, and equally important, we have had terrible luck in getting cloud-free satellite
(LANDSAT 8) images on the lakes. We attempted four of five planned trips on Grand Lake and
three of five trips on Lake Texoma. Heavy cloud cover coincided with the three cancelled trips.
Of the actual sampling trips that were completed, three of the four Grand Lake trips coincided
with a usable satellite image (<20% cloud cover), while only two of the three Texoma trips
coincided with a usable satellite image. To date, of the planned 55 (Grand, 11 sites) and 60
(Texoma, 12 sites) data points, where one data point is represented by successful field sampling
and a usable satellite image for a given site, we currently have 22 and 17 points, roughly 34% of
the planned data. We are currently checking for the availability and quality of LANDSAT 7
images, which will have different fly-over schedule, but could still provide a useful image for the
missing data.

Because 90% of the cloud cover issues occurred in spring and early summer, we would
like to attempt at least one more sampling trip, preferably two, on each lake this spring, in order
to increase our model input data for the non-cyanobacteria bloom season, which begins in mid to
late summer. This no-cost extension will help to maximize our chances for obtaining the
necessary combination of in-situ water samples and high-quality satellite images.
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Students and Postdocs salaried through this project

Student Status Number Disciplines
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Post Doc Remote sensing
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Comparison of Grain Sorghum and Corn Productivity under
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Basic Information

Comparison of Grain Sorghum and Corn Productivity under Limited Irrigation with

Title: Subsurface Drip

Project Number:|20130K297B

Start Date:(3/1/2013

End Date:|2/28/2014

Funding Source:|104B

Congressional
District:

Research Category:|Not Applicable

Focus Category:|None, None, None

Descriptors:|None

Principal
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Investigators:

Publications

There are no publications.
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Progress Report for 2013 funding from the OWRRI

Comparison of Grain Sorghum and Corn Productivity under Limited Irrigation with
Subsurface Drip

Jason G. Warren?, Rick Kochenower? and Nicholas Kenny”
*Dept. Plant and Soil Sciences, Oklahoma State University
bTexas Agrilife Extension Service Texas A&M

This project focused on comparing the yield potential of corn and sorghum under a range of
limited irrigation capacities. As well capacities decline it may be prudent to switch to alternative
crops such as sorghum which require less in-season irrigation. It is well known that maximum
sorghum yields can be achieved with less water than maximum corn yields. However, there is
very little data available to determine the irrigation capacity at which it is economically
advantageous to switch from growing corn to growing sorghum. The project was conducted at
the Oklahoma State University Panhandle Research and Extension Center in Goodwell, OK. It
utilized irrigation capacities from 6.4 GPM/acre to 0.8 GPM/acre. Corn yields were maximized
with the 6.4 GPM/acre and as expected the profit was also maximized at this level of irrigation.
Sorghum yields and profits were maximized at 4.8 GPM/acre. Data from this first year
demonstrated that sorghum would become more profitable per acre at an irrigation capacity of
1.6 GPM/acre.

Methods, Procedures, and Facilities:

This research utilized the subsurface drip irrigation system located at the Oklahoma Panhandle
Research and Extension center. This system provides individually plumbed experimental units
that can be irrigated independently. These plots are 50 ft long and 15 ft wide. The drip tape is
placed at 14 inches below the soil surface at 60 inch spacing such that one tape irrigates 2 rows
which are space 30 inches apart. The emitters on the tape are placed 12 inches apart and will
emit 0.63 inches/hour.

The experimental design consisted of 6 sorghum treatments and 6 corn treatments. Four of the
sorghum treatments and 4 of the corn treatments simulated application rates achievable with well
pumping capacities shown in table 1 when applied to 125 acre center pivot. The sorghum
treatments will include all pumping capacities included in the table except for the 800
gallon/minute because it is well known that this rate is in excess of water requirements for
sorghum. The corn treatments included all pumping capacities listed except for the 100 gal/min
rate because this is well below the require water for irrigated corn. One of the remaining
treatments for each crop served to optimize water use efficiency by applying applications of
water at a rate sufficient to replace water losses due to evapotranspiration as estimated by the
Aquaplanner software. The application rate and frequency for this treatment was determined by
Aquaplanner to maximize yield potential and water use efficiency without restriction on
irrigation capacity. The final treatment was meant to receive irrigation based on
recommendations provided by the Aquaspy soil moisture probes. However, technical difficulties
leading to uncertainty of moisture data cause this effort to be terminated. This treatment was
irrigated at the same rate and frequency as the Aquaplanner treatment describe above.



Table 1: Pumping capacities, application intervals, and resulting application rates for basic
irrigation treatments.

Well Application Minimum Irrigation Application Rate
Capacity /Interval Interval

Gallons/min. Inches Days GPM/acre inches/day
800 1.5 4.4 6.4 0.34
600 1.5 5.9 4.8 0.26
400 15 8.8 3.2 0.17
200 1.5 17.7 1.6 0.09
100 15 35.4 0.8 0.04

Treatments are meant to simulate a center pivot system irrigating a 125 acre circle

with specific well pumping capacities.

GPM, Gallons/minute.

Prior to planting corn and sorghum, plots were fertilized using a strip-till fertilizer applicator.
Corn plots will receive 240 Ibs N acre™ as liquid UAN (32-0-0) and sorghum plots received 180
Ibs N acre™ as Liquid UAN (32-0-0). At planting 5 gallons of 10-34-0 liquid fertilizer was
applied as starter fertilizer. Corn was planted on April 15th, however inaccurate row placement
relative to the drip tape cause unacceptable distribution of water to the corn rows, therefore this
crop was terminated and corn was replanted on June 4™. Sorghum was planted June 17". Each
crop was planted in rows 30 inches apart. Corn was harvested on October 16™ and sorghum was
harvested on October 24™ with a small plot combine. Two rows from each plot were harvested
to determine plot weight, test weight and moisture with a harvest master weighing system.
Yields presented where corrected to 15.5% moisture for corn and 14% moisture for grain
sorghum and 56 Ibs/bushel test weight.

On June 11" one soil core was collected from each plot to a target depth of 7ft. However
restrictive layers below 4 ft prevented extraction of soil from below this depth in 29 of the 48
plots. Therefore the water balance presented includes soil moisture analysis on the surface 4 ft.
Soil cores were again collected to a minimum depth of 4ft on October 29™. Soil cores (1.75 inch
diameter) were cut into 1 ft sections before they are weighed, dried (100°C) and then weighed
again to determine gravimetric water content. This along with rainfall data from the nearby
Mesonet station and flow meter data from each plot were used to calculate water balances for
each treatment.

An enterprise budget was developed using cost estimates from the USDA Economics Research
Service webpage (http://www.ers.usda.gov/data-products/commodity-costs-and-
returns.aspx#.UsWjr_RDtQR) . The costs were adjusted for differences in seeding rate and N
fertilizer applications among the treatments. The cost include the investment cost for a center
pivot irrigation system but do not include land costs or crop insurance costs.

Analysis of variance for yield and water use efficiency data was analyzed using the SAS, PROC
GLM method. Means were separated using Fishers protected LSD.

Results and Discussion:


http://www.ers.usda.gov/data-products/commodity-costs-and-returns.aspx#.UsWjr_RDtQR
http://www.ers.usda.gov/data-products/commodity-costs-and-returns.aspx#.UsWjr_RDtQR

Table 1 shows a maximum corn yield of 182 bu/acre was achieved with 11.3 inches of irrigation
applied in the Aquaplanner treatment. This treatment applied a similar amount of water to the
limited irrigation capacity treatment of 4.8 GPM/acre which supplied 11.4 inches resulting in a
yield of 167 bu/acre. There was no significant difference in corn yields at irrigation capacities of
3.2 GPM or greater. This lack of difference is due to the large LSD of 25.8 bu/acre. Sorghum
yields were maximized at 151 bu/acre from the limited irrigation capacity treatment of 4.8
GPM/acre, but this yield was not significantly greater than the 137 bu/acre yield achieved with
the 1.6 GPM/acre treatment which received 5.8 inches of irrigation water. It is noteworthy that
no significant differences between corn and sorghum yields were observed within the 4.8, 3.2,
and 1.6 GPM/acre limited irrigation capacity treatments.

Assessment of treatment differences in irrigation WUE provide a more clear evaluation because
it accounts for the lower water application to the sorghum crop under each of the common
irrigation treatments (Table 1). For both crops the irrigation WUE increases with decreasing
amounts of applied irrigation water and is maximized at 29.8 bu/inch for the sorghum irrigate
with a limited supply of 0.8 GPM/acre. At 4.8 and 3.2 GPM/acre no significant difference in
irrigation WUE was observed between the two crops. However, at 1.6 GPM/acre the irrigation
WUE was significantly higher for the sorghum compared to corn. It is not worthy that the
sorghum yield was not significantly lower in this treatment than in the highest yielding treatment
which received 4.4 inches more water.

Table 1: the irrigation capacity and resulting irrigation water applied to corn and
sorghum; and the resulting grain yield and irrigation water use efficiency (WUE).

Irrigation Capacity - Irrigation------  -—-- Yield------- Irrigation WUE
Corn  Sorghum Corn  Sorghum Corn Sorghum

GPM/pivot GPM/acre ----- Inches/acre---- ---Bu/acre-- - Bu/inch----

800 6.40 12.9 178a 13.8e

600 4.80 11.4 10.2 167ab 151bc 14.6e 14.8e
400 3.20 8.6 7.7 159abc 140cd 18.4cd 18.3cd
200 1.60 6.1 5.8 120d 137cd 19.7c 23.6b
100 0.80 3.9 115d 29.8a
Aquaspy Unlimited 12.4 7.7 172ab 136cd 13.9e 17.7cd
Aquaplanner Unlimited 11.3 7.8 182a 133cd 16.1de  17.1cd

Table 2 shows that gross returns for corn were consistently higher than for sorghum at irrigation
capacities at or above 3.2 GPM/acre. However, production costs for corn were higher at all
irrigation rates (production costs are itemized in table 3). Therefore, net returns were not
consistently higher for corn. Specifically, net returns per acre were maximized with corn
irrigated with aquaplanner treatment because it produced the highest gross return. However,



production costs were the same as those required for the limited irrigation treatment receiving
4.8 GPM/acre which produced 15 bu/acre less yield. At this irrigation capacity of 4.8 PGM/acre
sorghum generated slightly higher net returns per acre and per inch of water. This is due to the
lower production cost of sorghum. Corn was planted at a lower population and received less
fertilizer in the 3.2 and 1.6 GPM/acre treatments, therefore production costs were lower. This
allowed net returns per inch of water to be maximized at $23/inch in the 3.2 GPM/acre treatment.
In contrast the 1.6 GPM/acre treatment maximized net returns for the sorghum. Also, the net
returns per acre for sorghum at 1.6 GPM/acre was superior compared to net returns for corn at
this irrigation level. This demonstrates the utility of sorghum when water is limited.

Table 2: The irrigation capacity and resulting gross return based on corn and sorghum
cash price of $4.32 and $4.03 respectively; production costs and net returns.

Irrigation Capacity --Gross Return-- Production Costs  --------------- Net Returns--------------
corn  sorghum corn sorghum corn sorghum corn sorghum
GPM/pivot GPM/acre = ----- S/acre-—-- = - S/acre S/acre ----S/inch----
800 6.4 769 548 221 17

600 4.8 721 609 541 422 180 187 16 18

400 3.2 687 564 487 411 200 153 23 20

200 1.6 518 552 476 395 42 157 7 27

100 0.8 463 387 76 20

Aquaspy Unlimited 743 548 545 411 198 137 16 18

Aquaplanner Unlimited 786 536 541 411 245 125 22 16

The 2013 crop year provided ideal conditions for June planted sorghum and corn under limited
irrigation. Specifically, timely midseason rains in excess of 1 inch occurred in August directly
after flowering (Figure 1). These rains offset the lack of irrigation capacity in the lower capacity
treatments, which delayed the onset of severe water stress during the critical grain fill period
despite the lack of rainfall that occurred between Aug 16 and Sept. 12. This along with the large
treatment variability explains the lack of significant increase in yield as irrigation capacity
increased from 3.2 GPM/acre and 1.6 GPM/acre for the corn and sorghum crops. Optimum corn
grain yields were suppressed to below expected levels in the 6.4 GPM/acre treatment. Some of
this yield drag could have resulted from moderate water stress, however, the primary cause of
this generally low yield is likely the late planting date. The shorter season for this corn crop
reduces early season vegetative growth, which reduces water requirement but also decreases
potential yield.
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Table 3: Enterprise budget for irrigation corn and sorghum treatments, excluding land and crop insurance costs.

Corn Sorghum
Irrigation Capacity (GPM/pivot) 800 600 400 200 Aquaspy Aquaplanner 600 400 200 100 Aquaspy Agquaplanner
Irrigation Capacity (GPM/acre) 6.4 48 3.2 1.6 Unlimited Unlimited 48 3.2 1.6 0.8 Unlimited Unlimited
Seeding Cost (S/acre) 95 95 72 72 95 95 14 14 7 7 14 14
Chemical ($/acre) 26 26 26 26 26 26 23 23 23 23 23 23
N Fertilizer (S/acre) 106 106 88 88 106 106 79 79 79 79 79 79
Phosphorus Fertilizer ($/acre) 40 40 40 40 40 40 40 40 40 40 40 40
Crop Consultation (S/acre) 7 7 7 7 7 7 7 7 7 7 7 7
Custom Machinery (S/acre) 175 175 175 175 175 175 175 175 175 175 175 175
Irrigation Labor ($/acre) 7 7 7 7 7 7 7 7 7 7 7 7
irrigation pumping costs ($/acre) 53 47 35 25 51 46 42 32 24 16 32 32
1/2 years of interest on variable costs
(S/acre) 17 16 14 14 16 16 13 12 12 11 12 12
Total Variable Costs ($/acre) 525 518 464 453 522 518 399 388 372 364 388 388
Irrigation system investment /yr ($/acre) 23 23 23 23 23 23 23 23 23 23 23 23
Total Production costs ($/acre) 548 541 487 476 545 541 422 411 395 387 411 411
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EXECUTIVE SUMMARY

Increased nutrient loads have resulted in sevekadrae impacts on surface water quality,
including excessive algal growth, fish kills, amih#ing water taste and odor issues across the
United States and especially in the Ozark ecoregigrortheastern Oklahoma and northwestern
Arkansas. Nitrogen is a concern, but phosphoruss(§gnerally considered the limiting nutrient
in most surface water systems. The significandgisfproblem has been highlighted by
litigation, with one case even reaching the U.Sr8me Court (Arkansas et al. v. Oklahoma et
al., 503 U.S. 91) which required the upstream stateeet downstream water quality standards.
Scientists and engineers need to identify critnzatient source areas and transport mechanisms
within a catchment in order to cost effectivelytea and enhance drinking water systems,
recreation activities, and aquatic ecosystems. &#hitface runoff is considered to be the
primary transport mechanism for P, leaching throtighvadose zone and subsurface transport
through coarse gravel subsoils to gravel bed stseaay be significant and represents a source
of P not alleviated by current conservation pragi¢e.g., riparian buffers). It was hypothesized
that hydrologic heterogeneities (e.g., macroponesgravel outcrops) in the subsurface of
floodplains play an integral role in impacting flamd contaminant transport between the soil
surface and shallow alluvial aquifers which areidgaitely connected to streams. Infiltration is
often assumed to be uniform at the field scaletlustneglects the high spatial variability
common in anisotropic, heterogeneous alluvial fldath soils. Therefore, the overarching
objective of this line of research was to charaogéephosphorus leaching to alluvial aquifers in
the coarse gravel floodplains of the Ozark ecomegicross a range of scales (point to 16Pim
order to evaluate the effect of the scale of meamant.

Electrical resistivity imaging was used to chardztethe alluvial deposits at selected floodplain
sites. Laboratory flow through P sorption experitsemere conducted in order to examine the
effect of retention time (RT) and inflow P conceivn on P sorption; this was compared to
results of isothermal titration calorimetry (ITQ)periments where the heat of reaction was
measured with the addition of P to soils. Basethenmograms, the dominant P sorption
reaction was ligand exchange onto Al/Fe oxides/iidies, with a lesser degree of precipitation.
Phosphorus removal for both soils was limited bysatal nonequilibrium instead of chemical
nonequilibrium (sorption kinetics).

Innovative field studies, including plot scale (L bm, 3 by 3 m, and 10 by 10 m) solute
injection experiments along with geophysical imagwere performed on both gravel outcrops
and non-gravel outcrops. A berm method, using pteary berm constructed of a water-filled
15 cm diameter vinyl hose with the edges sealeédd®oil using bentonite, was developed and
utilized for plot-scale infiltration experimentsuf@elines are provided for tank size and refilling
frequency for conducting field experiments. Ploamained a constant head of 2 to 9 cm for up
to 52 hours. Infiltration rates ranged from 0. @cm/h, and varied considerably even within a
single floodplain. Effective saturated hydrauliadactivity Ke) data, based on plot scale
infiltration rates, ranged from 0.6 to 68 cnihPlot scale infiltration tests are recommended
over double ring infiltrometer tests or point scagtimates, although only small plots (1 m by 1
m) are necessary. Tension infiltrometers showedniaropore flow accounted for
approximately 85% to 99% of the total infiltration.



Solutes in the injection water included P (hightytive), Rhodamine WT (slightly sorptive),
and chloride (conservative). Observation wells westalled outside the plots to monitor for
water table rise and tracers that leached intgtbendwater. Electrical resistivity imaging was
used to identify zones of preferential flow as vealcharacterize subsurface soil layering. Fluid
samples from observation wells outside the pld (0.from the boundary) indicated nonuniform
subsurface flow and transport. Phosphorus was teetét the groundwater for 6 of the 12 plots
and was positively correlated to the presence afgjroutcrops. Results indicated that flow
paths are sub-meter scale for detecting infiltgagnlutions. The surface soil type (ranging from
silt loam to clean gravel) and macroporosity wenenid to have a significant impact on P
leaching capacity. This research highlighted tlieince between the conceptual infiltration
model of a diffuse wetting front characterized bgHrds Equation and actual infiltration in

field conditions. Results were modeled with HYDRBB/3D, a two/three-dimensional, finite-
element model for flow and contaminant transpootlfkequilibrium and physical/chemical
nonequilibrium transport) through soils. A gravataop trial found significant P transport to
the water table boundary after 15 years. HYDRUS wvable to simulate observed P detections
in silt loam plots, indicating that better modeliteghniques or programs need to be developed to
better simulate highly complex soil profiles dontedhby macropore flow.

Since floodplains are well-connected to alluvialiéers and streams in gravelly watersheds, a
higher level of agricultural stewardship may beuieed for floodplains than upland areas. This
has implications for the development of best manmeeye practices specifically for floodplains in
the Ozark ecoregion due to their close proximaaely connectedness to streams.
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(1) PROBLEM AND RESEARCH OBJECTIVES

This research hypothesizes that macropores anelgratcrops in alluvial floodplains have a
significant, scale-dependent impact on contamiteatthing through soils; therefore, both soll
matrix and macropore infiltration must be accourftedn an analysis of nutrient transport.
However, quantifying the impact and spatial vatigbof macropores and gravel outcrops in the
subsurface is difficult, if not impossible, withanhovative field studies. This research proposes
an innovative plot design that combines these dineranethods in order to characterize water
and phosphorus movement through alluvial soils.

The specific objectives of this research are twahfdhe first objective is to quantify the
phosphorus (P) transport capacity of heterogenapasel soils common in the Ozark

ecoregion. Two characteristics of the soil are etgreto promote greater infiltration and
contaminant transport than initially expected:rfigcropores or large openings (greater than 1-
mm) in the soil (Thomas and Phillips, 1979; Akaykt2008; Najm et al., 2010) and (2) gravel
outcrops at the soil surface (Heeren et al., 2008k research will estimate P concentration and
P load of water entering the gravelly subsoil fritve soil surface in several alluvial floodplains
with varying topsoil thicknesses. Second, the imp&experimental scale on results from P
leaching studies will be evaluated. If a materragerty is measured for identical samples except
at various sample sizes, a representative elenoduntne (REV) curve can be generated showing



large variability below the REV. This provides dgfel framework for evaluating scales in P
leaching. What minimum land area is necessary ¢gjaately measure P leaching? It is
hypothesized that measured P leaching (kg/m-s)geilerally increase as the scale increases
from point (10° m?) to plot (1G m) scales. This will be evaluated by measuring BHewy at

the point scale in the laboratory and at plot scaligh bermed infiltration experiments for three
plot sizes (approximately 1010", and 16 n).

If subsurface transport of P to alluvial groundwasesignificant, these data will be critical for
identifying appropriate conservation practices dasetopsoil thickness. Riparian buffers are
primarily aimed at reducing surface runoff conttibas of P; however, their effectiveness
within floodplains may be significantly reduced wheonsidering heterogeneous subsurface
pathways.

(2) METHODOLOGY AND PRINCIPAL FINDINGS/SIGNIFICANCE

(A) Site Descriptions

The three selected riparian floodplain sites acated in the Ozark region of northeastern
Oklahoma and western Arkansas. The Ozark ecoregibhissouri, Arkansas, and Oklahoma is
characterized by karst topography, including caspengs, sink holes, and losing streams. The
erosion of carbonate bedrock (primarily limestomgslightly acidic water has left a large
residuum of chert gravel in Ozark soils, with flptains generally consisting of coarse chert
gravel overlain by a mantle of gravelly loam ot kam (Figure 1). The three floodplain sites
are located adjacent to the Barren Fork Creek, Rumtiollow and Clear Creek (Figure 2).

Gravel Subsoil [ s =

Figure 1. Floodplains in the Ozark ecoregion genera Iy consist of coarse chert gravel overlain by a ma ntle (1-
300 cm) of topsoil.
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Figure 2. Location of riparian floodplain sites in the Ozark ecoregion of Oklahoma and Arkansas.

Barren Fork Creek Site (Oklahoma)

The Barren Fork Creek site, five miles east of €gbhhh, Oklahoma, in Cherokee county
(latitude: 35.90°, longitude: -94.85°), is locajadt downstream of the Eldon U.S. Geological
Survey (USGS) gage station (07197000). A tributdrthe lllinois River, the Barren Fork Creek
has a median daily flow of 3.6%s and an estimated watershed size of 845atrthe study site.
Historical aerial photographs of the site demonsttiae recent geomorphic activity (Midgley et
al., 2012) including an abandoned stream chanaghiltorically flowed in a more westerly
direction than its current southwestern flow pdiggre 3).

Fuchs et al. (2009) described some of the soilyadaulic characteristics of the Barren Fork
Creek floodplain site. The floodplain consists lidhaal gravel deposits underlying 0.5 to 1.0 m
of topsoil (Razort gravelly loam). Topsoil infiltian rates are reported to range between 1 and 4
m/d based on USDA soil surveys. The gravel subslaigsified as coarse gravel, consists of
approximately 80% (by mass) of particle diameteesatpr than 2.0 mm, with an average particle
size (do) of 13 mm. Estimates of hydraulic conductivity fbe gravel subsoil range between

140 and 230 m/d based on falling-head trench (Esishs et al., 2009). Soil particles less than
2.0 mm in the gravelly subsoil consist of secondanyerals, such as kaolinte and noncrystalline
Al and Fe oxyhydroxides. Ammonium oxalate extratsion this finer material estimated initial
phosphorus saturation levels of 4.2% to 8.4% (Fetlad., 2009).
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Figure 3. Aerial photos for 2003 (left) and 2008 (r ight) show the southward migration of the stream to ward the
bluff and the large deposits of gravel in the curre nt and abandoned stream channels. The study site is the
hay field in the south-central portion of each phot o (red arrow).

The floodplain site is a hay field with occasiotrakes (Figure 4). The field has a Soil Test
Phosphorus (STP) of 33 mg/kg (59 Ib/ac) and haseuatived fertilizer for several years. The
southern border of the floodplain is a bedrock fitludt rises approximately 5 to 10 m above the
floodplain elevation and limits channel migratianthe south. The floodplain width at the study
site is 20 to 100 m from the streambank (basederi®0 year floodplain); however, water was
observed 200 m from the streambank (to the bluff)rdy a 6 year recurrence interval flow event
(Figure 4).

Figure 4. The Barren Fork site is a hay field (left ). The site becomes completely inundated during lar ~ ge flow
events (right).

Pumpkin Hollow Site (Oklahoma)

The Pumpkin Hollow site, 12 miles northeast of Eagjiah, Oklahoma, in Cherokee County
(Figure 5, latitude: 36.02°, longitude: -94.81°5lem estimated watershed area of 15. n
small tributary of the lllinois River, Pumpkin Holv is an ephemeral stream in its upper



reaches. The Pumpkin Hollow site is pasture fateéEigure 6). The entire floodplain is 120 to
130 m across. Soils in the study area include Ragavelly loam and Elsah very gravelly loam.

Figure 5. Pumpkin Hollow is a narrow valley ascendi  ng from the lllinois River to the plateau.

Figure 6. The Pumpkin Hollow site in spring (left) and winter (right). The site includes soils with sh allow
layers of topsoil and gravel.

Clear Creek Site (Arkansas)

The Clear Creek site is 5 miles northwest of Faydte, Arkansas, in Washington County
(Figure 7, latitude: 36.125°, longitude: -94.23%C)ear Creek is a fourth order stream, and is a
tributary to the lllinois River. Streamflow durifgaseflow conditions is estimated to be around
0.5 cms. The Clear Creek site is also pasturedtilec(Figure 8). The floodplain is
approximately 300 to 400 m across. The soils inetLicitermixed layers of gravel and silt loam
(Figure 8).



Figure 7. Clear Creek and an overflow channel atth e Clear Creek floodplain site.

Figure 8. The Clear Creek site is pasture (left). S oils are composed of gravel and silt loam alluvial deposits
(right).

(B) Electrical Resistivity Imaging

Electrical Resistivity Imaging (ERI) is a geophyimethod commonly used for near-surface
investigations which measures the resistance th eaaterials to the flow of DC current
between two source electrodes. The method is popatause it is efficient and relatively
unaffected by many environmental factors that conébother geophysical methods. According
to Archie’s Law (Archie, 1942), earth materialsesftliffering resistance to current depending on
grain size, surface electrical properties, porarséion, and the ionic content of pore fluids.
Normalizing the measured resistance by the ar#@eaubsurface through which the current
passes and the distance between the source ekpoatiuces resistivity, reported in ohm-
meters Q-m), a property of the subsurface material (McN&#@80). Mathematical inversion of
the measured voltages produces a two-dimensionélgof the subsurface showing areas of
differing resistivity (Loke and Dahlin, 2002, Hadih et al., 2005).

ERI data were collected using a SuperSting R8/IfhEResistivity Meter (Advanced
GeoSciences Inc., Austin, TX) with a 56-electroday Fourteen lines were collected at the
Barren Fork Creek site, three at the Pumpkin Holiite, and eight lines at the Clear Creek site.
One line at the Barren Fork Creek site and alheflines at Pumpkin Hollow were “roll-along”



lines that consisted of sequential ERI images witb-quarter overlap of electrodes. The profiles
at the Barren Fork Creek site employed electroaeisg of 0.5, 1.0, 1.5, 2.0 and 2.5 m with
associated depths of investigation of approximatedy 15.0, 17.0, 22.5 and 25.0 m,
respectively. All other sites utilized a 1.0-m sSpgc The area of interest in each study site was
less than 3 m below the ground surface and thulswitbin the ERI window. The resistivity
sampling and subsequent inversion utilized a pedgry routine devised by Halihan et al.
(2005), which produced higher resolution images t@nventional techniques.

The OhmMapper (Geometrics, San Jose, CA), a capgygicoupled dipole-dipole array, was
effectively deployed at the relatively open BarFenk Creek site for large scale mapping. The
system used a 40 m array (five 5 m transmitterldgpand one 5 m receiver dipole with a 10 m
separation) that was pulled behind an ATV. Two datalings per second were collected to
create long and data-dense vertical profiles. Tidof investigation was limited to 3 to 5 m.
Positioning data for the ERI and OhmMapper weréectgéd with a TopCon HyperLite Plus GPS
with base station. Points were accurate to withoml

Barren Fork Creek

Resistivity at the Barren Fork Creek site appe#wmezbnform generally to surface topography
with higher elevations having higher resistivitithaugh the net relief was minor (~1 m). This
was most evident in the OhmMapper resistivity pesfwhich covered most of the floodplain
and which revealed a pattern of high and low resigtthat trended SW to NE (Figure 9). More
precise imaging with reduced spatial coverage visd@imed with the ERI. A composite ERI line
collected from the site is shown in Figure 10. Tihe, which is approximately parallel to the
stream, begins only 5 m from the stream. Gravedropts are indicated by gray colors reaching
closer to the surface and will be the locationifaluced leaching experiments at different spatial
scales at this site.

Figure 9. OhmMapper coverage of the Barren Fork Cre ek alluvial floodplain showing SW to NE trends of | ow
(blue) and high (orange) resistivity. View is to th e North and subsurface resistivity profiles are dis played
above the aerial image for visualization purposes. Modified from Heeren et al. (2010).
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Figure 10. Composite SuperSting image, showing mapp  ed electrical resistance ( Q-m), running southwest to northeast

along a trench installed for studying subsurface ph osphorus transport in the gravel subsoils by Fuchs et al. (2009). The x-
axis represents the horizontal distance along the g round; the y-axis is elevation above mean sea level. Source: He eren et
al. (2010).

Pumpkin Hollow

Pumpkin Hollow differed from the other streams hes®ait was a headwater stream with a
smaller watershed area. The valley at the stuéygiis approximately 200 m wide and the roll-
along lines spanned nearly the entire valley widtbssing Pumpkin Hollow Creek at about the
midpoint of the line. The ERI survey at Pumpkin ldal consisted of three lines oriented W-E
with 1 m electrode spacing, 12.5 m depth, and qiimes 1-2 and 3-4) or 139 m (line 5-6-7)
length (Figure 11).
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Figure 11. High resistivity feature locations on ER | lines at the Pumpkin Hollow site are shown inblu  e.
Arrows represent potential connections between them and the direction of flow.

The Pumpkin Hollow ERI profiles also had a uniqoefagyuration consisting of a low resistivity
layer between a high resistivity surface layer higth resistivity at depth (Figure 12).
Observations at the site included the close prayiofilarge gravel debris fans originating from
nearby upland areas. Jacobson and Gran (1999) siotéddr pulses of gravel in Ozark streams

in Missouri and Arkansas originating from™.nd early 26 century deforestation of plateau
surfaces, implying that a possible interpretatibthe low resistivity layer in the ERI profiles

was a soil layer buried by gravel from the nearlaygau surfaces. The streambed elevation was
approximately 262 m with the general floodplainface being about 1 m above that elevation.
The area of interest included the elevations al2®Zm (note that the mean elevation was 262.9
m and that the maximum elevation 265 m occurrdtieavalley edge) and was therefore thin
compared to the other study sites. The resistatiffumpkin Hollow ranged from 58 to 3100

m with a mean of 38R-m. Like the other sites, the Pumpkin Hollow rasist suggested a
pattern of discrete areas of high resistance tittated gravel outcrops (Figure 12). These were



generally associated with topographic high aredsagupeared to have the potential to direct
flow down-valley parallel to the stream.

Pumpkin Hollow
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Figure 12. ERI images of three “roll-along” lines f  or the Pumpkin Hollow site. The x-axis representst  he
horizontal distance along the ground; the y-axis is elevation above mean sea level. The color barist he
electrical resistivity in Ohm-meters.

Clear Creek

Geophysical mapping was first performed betweerotlegflow channel and Clear Creek shown
in Figure 7; however, limited gravel outcrops webserved in this area and therefore the control
(non-gravel outcrop) leaching experiments will leefprmed at this location (Figure 13a). Most
of the shallow profile possessed electrical restsss less than 45Q0-m. On the east side of
Clear Creek, layered profiles demonstrated therpiatefor lateral flow and transport to the
stream, and this feature was clearly visible basedxposed streambanks and supported by the
ERI data. Electrical resistivities at the surfacrevon the order of 600 to 1000m with lower
resistivity soils below this surface feature (Fgas3b).
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Figure 13. ERI images of two lines at the Clear Cre ek site where () is a line between the overflow ch  annel
and the creek with limited gravel outcrop area and (b) is a line on the east side of Clear Creek with  gravel
outcrops at the surface. The x-axis represents the horizontal distance along the ground; the y-axis is

elevation above mean sea level.

(C) Point-Scale Studies - Phosphorus Sorption onto Soils in a Flow-Through
System (Penn, Heeren, and Fox, 2013, Application of isothermal
calorimetry to the study of phosphorus sorption onto soils in a flow-
through system, Soil Science Society of America Journal, In press)

Phosphorus (P) transport from soils to surface masean important contributor to

eutrophication (Ryther and Dunstan, 1971). Phosmghlmsses from soils occur in both the
particulate and dissolved forms. Particulate Psisig of sediment that has P sorbed on it, and is
typically transported in runoff. Dissolved P isply P that is already in solution, free from the
solid phase. Most best management practices (BREs¥ on reducing particulate P that is
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transported in runoff through erosion control aagdtaring sediment prior to runoff exiting a

field or entering a water body (Fox and Penn, 2R et al., 2009). Such practices include no-
till management, grassed waterways, vegetatedisifips (VBS), and contour farming.

Among floodplains, use of VBS along the ripariaeaar of the surface water is common
(Osborne and Kovacic, 2006; Sabbagh et al., 20@gidd-Carpena et al., 2010; Fox et al., 2010;
Fox and Penn, 2013). However, while effectiveeducing particulate P, VBS and other
traditional BMPs are less effective at reducingdiged P transport among soils recently
amended with P and soils that have become excesgiveegard to soil P concentrations
(Owens and Shipitalo, 2006; Fox and Penn, 2018adtition, most BMPs have little impact on
reducing P leaching under such scenarios.

In general, P will leach mostly in the dissolvedtio except in cases of excessive preferential
flow (Simard, et al., 2000; Djodijic et al, 2004)s dissolved P leaches downward from the high
P topsoil or applied P amendment, the lower sdiiZons can sorb P through several reactions
depending on soil properties. Factors that conltmIiquantity of P leaching are mostly related to
soil chemical properties which dictate the capaartg kinetics of the soil to sorb P (Maguire and
Sims, 2002), and physical properties that impaet#te of water movement through the soil
profile (Fuchs et al., 2009) which can also imghetrate of P sorption. The kinetics of P
sorption is critical to the P leaching process sitie soil will have limited contact time (i.e.
retention time) with the moving P-rich solutionim®ly put, if the contact time required for
adequate P sorption is greater than the contaetainthe moving P solution, then limited P
sorption will occur resulting in greater transpofi to the subsurface.

Movement of P downward is especially importanthe tiparian floodplains of northeastern
Oklahoma and northwestern Arkansas since thesaallkoils possess a relatively shallow
topsoil with underlying gravelly silt loam to grdiyeloam. Not only do these gravelly subsoils
have an extremely high hydraulic conductivity (Saared Logsdon, 2002; Sauer et al., 2005)
that range from 0.2 to 844 m/d (Fuchs et al., 2008) they have also been shown to be directly
hydrologically connected to adjacent streams weagitavel subsurface behaving as a stage-
dependent storage zone (Fuchs et al., 2009; Hetesdn) 2010; Hereen et al., 2011). Therefore,
sorption of a leaching P solution by the thin tapisocespecially critical to preventing transport
of dissolved P to surface waters.

Phosphorus transport requires both a P sourcelaygical connectivity (Nelson and Shober,
2012). ltis clear that as soils increase in Rceatration, particularly as they become more
saturated with P, the risk for P leaching increafsém hydraulic conditions are appropriate.
Such information is easily obtained through saititeg. However, there are factors that
influence the “gap” between P source and the phy/siansport of P, including P sorption
mechanisms and kinetics of sorption. In reganshéchanisms, not only is the degree of P
sorption important to potential P leaching, buttechanism in which P is sorbed will dictate
how strongly the P is held and under what condstioRor example, P bound with Ca typically
becomes more soluble as the pH decreases. Kimaticalso influence P transport in the context
of a moving solution (i.e., leaching) because eftime required for a sorption reaction to occur.
Fuchs et al. (2009) found that a decreased cotitaet(increased flow rate) of a P solution
through the fine fraction of a riparian subsoilulésd in a decrease in P sorption and therefore
increase in P leaching.
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This study proposes a new and simple tool to agtudying P leaching; isothermal titration
calorimetry (ITC) measures the heat of reactionevbnlutions or soil suspensions are titrated
with chemicals (such as P). The quantity and pstef heat measured can provide information
on the degree of reaction, type of reaction, anétics (Rhue et al., 2002; Kabengi et al., 2006a;
Harvey and Rhue, 2008). For example, Penn andeVR2009) were able to distinguish
between P sorbed by ligand exchange vs. surfacgpetion in titration of kaolinite with a P
solution. Calorimetry also provided useful infotina on kinetics in regard to ammonium
exchange with potassium in zeolite materials (Raral., 2010). The objectives of this study
were to measure the impact of contact (retentiom@ bn P sorption in a flow-through system
intended to simulate downward movement of a P goluhrough two different riparian soils,
and determine whether ITC can provide useful infatron reflective of flow-through results.

Methods and Materials

Investigated Soils

Two floodplain soils from within the lllinois Rivexatershed were sampled for use in this study.
The Barren Fork Creek site (latitude: 35.90°, |oude: -94.85°) is a fourth order stream with a
historical median discharge of 3.6/m The study area at the Barren Fork Creek wasddoon

the outside of a meander bend which was beingedgteroded by the stream. The soils were
classified as Razort gravelly loam underlain wittnaal gravel deposits. Thickness of the loam
ranged from 0.3 to 2.0 m, with dry bulk densitiasging from 1.3 to 1.7 g/cinThe Clear Creek
alluvial floodplain site flows into the lIllinois Rer (latitude: 36.13°, longitude: -94.24°). Soils
were loamy and silty, deep, moderately well draitedell drained. Thickness of the top loam
layer ranged from 0.3 to 2.0 m, with dry bulk déiesi ranging from 1.5 to 1.7 g/énirhe land

use in the study area was pasture and consistedzufrt gravelly loam soils. Both soils were
sampled at a depth of 0 to 10 cm. Soils were @ddand sieved to 2 mm for extraction and use
in ITC experiments.

Soil Characterization

All analyses were conducted in duplicate. Soilrabgerization consisted of (i) pH and electrical
conductivity (EC; 1:1 soil:solution ratio); (ii) ganic matter by combustion; (iii) sand, silt, and
clay by the hydrometer method (Day, 1965); (iv)evatoluble (WS) P, Al, Fe, and Ca (1:10
soil:deionized water, 1 h reaction time, filtratisith 0.45 pm Millipore membrane); (v) specific
surface area by gas adsorption (N2: 16 h outgassih§0°C) with a BET isotherm as
determined by an Autosorb-1C (Quantachrome, BoyBieeach, FL); (vi) oxalate extractable P,
Al, and Fe (Pox, Alox, Feox; 1:40 soil: 0.2M acimonium oxalate (pH 3), 2 h reaction time
in the dark; McKeague and Day, 1966); and (vi) N&#hB (Mehlich, 1984) P, Al, and Fe (M3-
P, M3-Al, and M3-Fe: 1:10 s0il:0.2 M CH3COOH + 0.#6NH4NO3 + 0.015 M NH4F + 0.13
M HNO3 + 0.001 M EDTA, 5 min reaction time, filtrah with Whatman #42 paper). Extracted
P, Ca, Al, and Fe were analyzed by ICP-AES. The d Mehlich 3 and ammonium oxalate
extractable P to (Al + Fe) (all values in mmol/kggs expressed as:

[P/ (Al + Fe)] * 100 (2)
and will be referred to as M3 degree of P satunati®P SM3) and ammonium oxalate degree of
P saturation (DPSox). Note that this is exadteysame as the traditional soil degree of
phosphorus saturation (DPS) calculations (Pautldr&ims, 2000) except without the empirical
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constantr which is used to relate soil P sorption capa@atplox and Feox and the denominator
acts to express the effective total soil P sorpt@ximum. Thex value was unknown, so o
value was used. Beauchemin and Simard (1999) noéedarious studies have appliedoan
value of 0.5 to all soils, regardless of soil pmbjes. The authors claimed that thgalue is
empirical and needs to be determined for eachgmél and experimental conditions. In
addition, Beck et al. (2004) recommended thabthalue be omitted from the DPS calculation.

Flow-Through Sorption Experiments

In order to test the effect of retention time (R P concentration on P sorption in a flow-
through setting, flow-through cells (high densitiyethylene) were constructed as described in
Stoner et al. (2012). A diagram of the setup istbin Fuchs et al. (2009) and Penn and
McGrath (2011). Depending on the P concentrati@hRih utilized, some soils were mixed with
acid washed, lab-grade sand (pure Si sand, 14808-80ros organics, Morris Plains, New
Jersey) in order to achieve a total pore volumé.®6 cni (5 g of sand + soil; 50% porosity).
Soils were then placed in a flow-through cell. Tneportion of soil to sand varied depending

on how P sorptive the material was. Less soil massused for more sorptive soils tested under
low P inflow concentrations. The mass of soil mateised in a flow through cell varied from 1
to 5 g. A suitable amount that would not result@® or 0% P removal for the duration of the
entire experiment was typically determined by taadl error. The purpose of this was to allow a
more complete picture of P breakthrough (i.e. Ptsam curve). A 0.45 um filter was placed
beneath the materials and the bottom of the cedlaeanected to a single channel peristaltic
pump (VWR variable rate “low flow” and “ultra lowdw”, 61161-354 and 54856-070) using
plastic tubing. The desired RT (RT [min] = pordurae [mL] / flow rate [mL/min]) was

achieved by varying the pump flow rate which pukedution through the cell. Flow rates
required to achieve the desired RTs of 3 and 10vmeire 0.75 and 0.22 mL/min, respectively.
Essentially, the RT is the amount of time requii@dhe solution to pass through the cell. A
constant head Mariotte bottle apparatus was usethiotain a constant volume of P solution on
the soils. Materials were subjected to flow fdr & which the “outflow” from the cells was
sampled at 0, 30, 60, 90, 120, 150, 180, 210, 240, and 300 min. Solutions were analyzed for
P by the Murphy-Riley molybdate blue method (Murgimg Riley, 1962). Discrete P sorption
onto materials was calculated at each sampling &isne percentage decrease in outflow relative
to inflow P concentration (i.e., source bottle)sRlés are presented as cumulative P sorption as a
function of cumulative P addition (both in unitsma§ P/kg soil). Initial flow-through

experiments were performed with KCI which immediateowed through the thin layer of soll
with no retardation based on measured specific wctadce.

Two different P concentrations were tested: 1 ahdhfy/L using solutions made from potassium
phosphate. These P concentrations correspondhvetrange measured in studies of runoff
from high P soils (> 300 mg/kg Mehlich 3-P) or sdib which manure or chemical fertilizer P
have been recently applied to the surface (EdwamdsDaniel, 1993; Vadas et al., 2007). The
matrix of the solution consisted of 5.6, 132, 11@,and 17 mg/L of Mg, Ca, S, Na, and K,
respectively, using chloride and sulfate saltdpfeéd by adjustment to pH 7. Note that ionic
strength only slightly varied due to differences$iconcentrations only. This matrix was chosen
as it was found to be representative of agricultunaoff measured in a previous study. All
flow-through RT and P concentration combinationsenduplicated for each material.
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Isothermal Titration Calorimetry Experiments

All ITC experiments were conducted on a CSC 420thksrmal Titration Calorimeter (CSC Inc.,
Lindon, UT) at 25°C. The ITC had a sensitivity0od418 pJ detectable heat effect and a “noise
level” of +/- 0.0418 pJ/s (deconvoluted signal)r &b soil ITC experiments, 100 mg of soil
sample were placed in a 1.3 mL reaction vessekasgended in 0.75 mL of de-ionized (DI)
water. Soil titrations were replicated three timé&sr each experiment, a blank was determined
by titration of a 0.01 M NaH2PO4 solution into aatized (DI) water under the same conditions
employed for the actual experiment. Data proddo®d the blank titrations were subtracted
from the sample titrations.

Two different types of titrations were conductefl;®dnsecutive 10 uL titrations (300 s
intervals) of P solution into the suspended sait@ia, and a “single shot” titration consisting of
all 250 pL of P solution. For both experiments,@.0M NaH2PO4 solution was used as the
titrant and soil suspensions were stirred in tlaetien vessel throughout the duration of the
experiment. With regard to the single shot tefser ditration, change in heat was monitored for
5h.

Statistical Analysis

All values were averaged over replication. Thedbthe relationship between cumulative P
added to soil and cumulative P sorption was testedng each set of conditions (i.e. inflow P
concentration and RT) to determine whether thdiogiships (slope and intercept) were
significantly different from each other at P = Q.0bhe null hypothesis was that one equation
could be used to describe cumulative P sorptiosugecumulative P addition for both soils.
This was tested by using a series of “contrastéstants in SAS (SAS, 2003) to determine
whether the slope and intercept were significadifffierent based on soil sample.

Results and Discussion

Soil properties

General soil properties important to P retentiansirown in Table 1. Soil from the Barren Fork
Creek site was more acidic, and as a result, aoedainore water soluble Al and Fe than the
Clear Creek soil. The Barren Fork Creek soil alsotained more water soluble Ca. This is
expected since Al, Fe, and Ca containing mineeadd to be more soluble in water as pH
decreases below 7. However, ammonium oxalate@abyke Al and Fe (Alox and Feox) were
greater in the Clear Creek soil. Soil Al and Fat ik extractable with ammonium oxalate is
considered to represent amorphous Al and Fe mmexdlich typically sorb and retain the
majority of soil P among near neutral and acidssgMcKeague and Day, 1966; Sakadevan and
Bavor, 1998; Schoumans, 2000). The greater valuBPSox for the Barren Fork Creek soils
suggests that the main P sorption sites (Alox auk}-are more saturated with P than Clear
Creek soils (Penn et al., 2006). Generally, as@HR&creases for soils, their capacity to further
sorb additional P decreases, and the potentigléase P to solution increases (Pautler and Sims,
2000). Evidence for this is clearly seen by tre that the Barren Fork Creek soils possessed
greater water soluble P concentrations (TableHDwever, the water soluble P concentrations
are below the threshold for increased P leachiryri{®/kg) as proposed by Maguire and Sims
(2002).
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Table 1. Characterization of the soils collected fr  om two different riparian sites that were used in t he flow-
through sorption and calorimetry studies. All valu es in mg/kg unless shown otherwise.

Clear Creek Barren Fork
pH 6.3 5.8
EC (uS/cm) 68 132
Organic matter (%) 1.73 1.58
Surface area (ffg) 10.14 9.04
Sand (%) 16.3 41.3
Silt (%) 61.3 375
Clay (%) 22.5 21.3
"WS Ca 55 115
WS Fe 127 209
WS Al 238 370
WS P 2.6 7.1
Al oy 904 707
Fe, 2033 1955
Pox 92 170
SDPS, (%) 4.25 8.96
'M3-Ca 1804 1698
M3-Fe 161 163
M3-Al 824 688
M3-P 2.5 49
“DPSys (%) 0.46 3.1

T Water soluble

T Ammonium oxalate extractable

§ Degree of phosphorus saturatiog/([Al .x+Fe&,); calculated on a molar basis

9 Mehlich-3 extractable

# Degree of phosphorus saturation. M3-P/(M3-Al+M8:Fealculated on a molar basis

Although the soils contained appreciable amountSabas indicated by the Mehlich-3 (M3)
extraction, it was not very soluble based on theemaxtraction (Table 1). Only about 3 and 7%
of M3 extractable Ca was soluble in water for thea€ Creek and Barren Fork samples,
respectively. Mehlich-3 extractable Fe and Al weftective of ammonium oxalate Al and Fe,
except that ammonium oxalate extracted more thasdi&ion. Sims et al. (2002) suggested
values of 10 to 15% DPSM3 as a threshold to idgsbils with increased risk as P sources for
non-point P transport. In addition, Maguire anch&(2002) found that there was a “break-
point” value of 20% for the relationship between3MNR3 and dissolved P in leachate. Above
this 20% level, the concentration of dissolved Reathed increased rapidly with increases in
DPSMa3. Soil organic matter (OM) was similar betwseils (Table 1). Although OM is not
related to P sorption in non-sandy soils with apdge Al and Fe (Mozaffari and Sims, 1996;
Zhang et al., 2005), OM can indirectly impact Ppsion through interaction with Fe and Al
oxides and hydroxides. This interaction between &M Al+Fe has been shown to increase the
amorphous nature of Al and Fe oxides and hydroxitheseby increasing surface area, and
potential P sorption (Saunders, 1964; NiskanenQ18®zaffari and Sims, 1996). However,
such interactions and the resulting amorphous eatiiFe and Al are accounted for through
extraction with ammonium oxalate. This is why m&tsidies conducted on P sorption indicate a
strong correlation between P sorption and Aloxx-ead DPSox (Khiari et al., 2000; Sims et
al., 2002; Maguire and Sims, 2002; Zhang et aD520
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Phosphorus Sorption under Flow-Through Conditions

Under flow-through conditions of constant additafril mg P/L inflow solution, the longer
retention time (RT), or slower flow rate, appeat@deduce P sorption for the Barren Fork soil
(Figure 14a). However, this decrease in P remanthl increase of RT from 3 to 10 min was not
statistically significant with regard to the slogred intercept for the relationship shown in Figure
14. Table 2 provides the slope and intercept walaethe relationship between log cumulative
P added and cumulative P sorbed, including stedistiifferences. Note that the relationship
between cumulative P added and cumulative P savbaschearly exactly the same for the 3 and
10 min RT for the Clear Creek soil (Figure 14b diadble 2). Similar results were obtained
when an inflow P concentration of 10 mg P/L wasdu$egure 15a and 15b), except that the
slope and intercept were statistically differeninmen the 3 and 10 min RT for the Barren Fork
soil (Table 2). After application of the P sorptidata set to equations developed by Stoner et al.
(2012) for estimating maximum P sorption under fiwvough conditions, it was apparent that
the Clear Creek soil was able to sorb more P uceleain flow-through conditions compared to
the Barren Fork soil.

Under inflow conditions of 10 mg P/L, maximum P @aown by the Clear Creek soil was 214 and
284 mg/kg (not significantly different) at a RT®find 10 min, respectively, while Barren Fork
could only remove a maximum of 165 and 127 mg/kgnfcantly different) at a RT of 3 and

10 min, respectively. However, under inflow coratis of 1 mg P/L, the soils would remove
similar maximum amounts of P; 103 and 101 mg/kg Rl of 3 and 10 min, respectively for
Clear Creek compared to 100 and 88 mg/kg at a R8Tanfd 10, respectively for Barren Fork.
Note that there was no significant difference irefoval at a 1 mg P/L inflow concentration
between a 3 min and 10 min RT. The higher amotiRtsorption for the Clear Creek soil is not
a surprise since it possessed a lower DPSox and/BP@&eaning that it contained a greater
number of “unused” P sorption sites than the BaFerk soil. Hooda (2000) noted that the
amount of P leached was dominantly a function efdbil P saturation.

The increase in P sorption for the Barren Fork abihe lower RT compared to the higher RT
(i.e., lower flow rate) may seem counter intuitatdirst. However, it does suggest that P
sorption kinetics were relatively fast for thislsdiVhile increased RT can increase P sorption in
some cases, this is less likely for a scenario faish kinetics since little time would be required
for sorption to take place. The overall P remaorakess consists of both physical and chemical
processes. As P is sorbed by the soil throughatation, anion exchange, or ligand exchange
reactions, the reactants (solution P and avaiksdption surfaces or ions) are “used up”
(decrease) and the products (sorbed P and anyingsioins) increase. The combination of the
reduction of reactants and increase in productsedses the chemical potential for further
sorption reactions to occur. Simply put, a fafitew rate (lower RT) removes solution reaction
products and replenishes the depleted solutioriaetsc(i.e., inflow P) more efficiently than a
slow flow rate (higher RT), thereby resulting igr@ater chemical potential for further P
sorption at any given point (Penn and McGrath, 20#Lsimilar observation was made by
Stoner et al. (2012) in examination of P removairaustrial by-products under flow-through
conditions.
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Figure 14. Cumulative phosphorus (P) sorption onto soils in a flow-through setting with an inflow P
concentration of 1 mg/L using two different retenti on times (RT). Soils tested were sampled from the Barren
Fork (a) and Clear Creek (b) sites.

Table 2. Slope and intercept values for the relatio  nship between log of cumulative phosphorus (P) adde d
(mg/kg) and cumulative P sorbed (mg/kg) during the flow-through sorption experiments conducted at two
different retention times (RT: 3 and 10 min) and an  d inflow P concentrations (1 and 10 mg/L).

RT = 3 min RT =10 min

1 mg P/L inflow
Soll Slope Intercept Slope Intercept
Barren Fork 56.4 -52.7 46.9 -45.7
Clear Creek 55.9 -53.6 44.9 -39.4

10 mg P/L inflow
Barren Fork 130.7 -177.9 63.6 -73.5
Clear Creek 149.5 -214.5 144.1 -202.2

* Indicates significant difference at P = 0.05 be¢w RT 3 and 10 within soil type and inflow P caorication.
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Figure 15. Cumulative phosphorus (P) sorption onto soils in a flow-through setting with an inflow P
concentration of 10 mg/L using two different retent ion times (RT). Soils tested were sampled from the Barren
Fork (a) and Clear Creek (b) sites.

One hypothesis to explain this phenomenon woulthaeat an increased flow rate, the flow in
the pore space would be more turbulent, which weedllice the thickness of the low velocity
boundary layer of fluid near the mineral surfacer#&lturbulent mixing would increase the
transport within the pore, i.e. from the bulk flotirough a smaller boundary layer via diffusion,
and to the surface where sorption can occur. Howy&eynolds numbers calculated from
specific discharge during the flow through expeniseand a characteristic grain sizey)d
(following Bear, 1972 and Chin et al., 2009) ranéredh 2 x 10° to 2 x 10*. These are well
below the critical Reynolds number (typically ramgifrom 1 to 10 for flow in porous media)
where flow changes from Darcian/linear flow to saional flow, and a Reynolds number of 100
where flow has become fully turbulent. Peclet nural§fe) were 60 and 170 for the Barren Fork
and Clear Creek sites, respectively, with Pe >ntiicating that dispersion was negligible
compared to advective transport. Although flow atiads in the flow cells were laminar
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according to this analysis, it should be remembd#ratthis is not flow through a straight
conduit but through a pore space with tortuosiggatend pores, and a wide range of pore sizes.
These flow cell data for the Barren Fork soil iradecthat, even under laminar flow, higher flow
rates result in faster transport of reactants filoenbulk flow to the mineral surface, and/or faster
transport of reaction products away from the mihgugface into the bulk flow. Either way, a
higher flow rate prevented the sorption reactiamfrcoming to a relatively "pre-mature
chemical equilibrium," i.e. chemical equilibriumshbeen reached, but only because of
limitations of the physical process. Increasingflow rate reduces the physical limitation
which allows the rate of P sorption to increasealdgous to this is the observation that
volatilization of a gas (a chemical process) capieeented by imposing increased pressure (a
physical process) on a system.

In other words, for the Barren Fork site it appahegt P removal was limited by physical
nonequilibrium at the pore scale. It should be dabat this process (transport from bulk flow to
the mineral surface as a function of flow ratejifferent than mechanical dispersion, which by
definition occurs at a large enough scale to irdegthe effects of many pores (Fetter, 1999).

Calorimetry as an Indicator of Phosphorus Sorption

Phosphorus can sorb to soils by several mechanammn exchange, ligand exchange
(adsorption), and precipitation. Soils with eledpH (> 8) and high soluble Ca concentrations
are able to precipitate P as Ca phosphate mindrldsever, this precipitation reaction occurs
much more slowly at low pH levels compared to tpgh For soils at or below a pH of 7, P
sorption dominantly occurs via ligand exchange raa@ms on the surface of amorphous Al and
Fe oxide and hydroxide minerals (Violante, 201B}here is Al and Fe in the soil solution,
added P can also precipitate as Al and Fe phosphbabeder certain conditions, continued P
loading to the surface of a Fe or Al oxy/hydroxidmeral can result in P removal by
precipitation of Al or Fe phosphate at the surfatthe Al or Fe source mineral (Ler and
Stanforth, 2003; Kim and Kirkpatrick, 2004). Isethal titration calorimetry data can be used
to somewhat distinguish between these mechanisimsexample, exothermic (producing heat)
reactions regarding P sorption in neutral and acit$ indicate ligand exchange mechanisms
onto Al and Fe minerals and kaolinite (Rhue et2002; Harvey and Rhue, 2008; Penn and
Zhang, 2010; Appel et al., 2013). On the otherdhandothermic (absorbing heat) reactions
indicate precipitation of Al and Fe phosphates (Pamd Warren, 2009; Rhue et al., 2002).

Figures 16 and 17 show that the heat of reactioredses with each successive titration of P
solution; this is expected since the P sorptiogssitre becoming saturated with each P addition.
Examination of the 25 titrations of a P solutiorthie soils, and considering the near-neutral to
acid pH of the soils, it appears that P sorptioto dhe Barren Fork (Figure 16a) and Clear Creek
(Figure 17a) soils occurred by both ligand exchaag® Al/Fe phosphate precipitation. Note
that there are 25 sets of peaks; one set for edittaton.
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Figure 16. Thermogram (a) for the titration of the Barren Fork soil with 0.01 mol/L NaH2PO4 using an
isothermal titration calorimeter; and (b) the heat curve produced by integration of the thermogram.
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Figure 17. Thermogram (a) for the titration of the Clear Creek soil with 0.01 mol/L NaH2PO4 using an
isothermal titration calorimeter; and (b) the heat curve produced by integration of the thermogram.

In fact, Figures 16a and 17a show that for eactiditian, both an exothermic and endothermic
reaction occurred. It is common for soils with Btar less to display an initial exotherm
immediately after titration of P, followed by a dieaendothermic peak (Penn and Zhang,
2010). However, notice that integration of eacthef25 titration peaks reveals that the net heat
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release for each additional titration becomeséasshermic and more endothermic (Figures 16b
and 17b). This indicates two processes. Figanid exchange sites (i.e. terminal hydroxyls on
the edges of Al/Fe oxhy/hydroxides) are becomihegdiup or “saturated” with P, which
decreases the chemical potential for further ligexchange reactions; this decreases the
exotherms. Second, the source Al and Fe mineralalde to slightly dissolve and produce Al
and Fe for precipitation with P on the surfacehaf mninerals; this increases the endotherms.
Further evidence for precipitation of P was esgdifeld by conducting a geochemical speciation
of the solution using the MINTEQ2 program (Allisenal., 1991). A “sweep” was conducted to
simulate the addition of P into the soil solutienperformed in the calorimetry experiment; the
model predicted precipitation of variscite (Al ppbsate mineral). Due to the relatively high
concentrations of water soluble Al and Fe measurddese soils (Table 1), it was not
unexpected that added P would partially precipitgte such metals in solution. The use of
calorimetry to detect simultaneous ligand exchaargkprecipitation reactions and general
changes in mechanisms is also found in previoudie(lImai et al., 1981; Machesky et al.,
1989; Partyka et al., 1989; Kabengi et al., 206@an and Warren, 2009).

A multiple linear regression equation was develdpgé&enn and Zhang (2010) to relate soil
Alox and the heat of the first titration to P saoptin a batch isotherm which added 500 mg P/kg
soil. Application of the heat of the first titrati (Figures 16 and 17) and Alox (Table 1) into this
equation yielded a prediction of P sorption of &8d 177 mg P/kg for the Barren Fork and
Clear Creek soils, respectively. Note that theseipted P sorption values are similar to
cumulative P sorption values under flow-throughditians at P loading values approaching 500
mg/kg (Figure 15).

Examination of the single P titration to the sqitsvided valuable information regarding the
degree of, and kinetics of P sorption. FigureriBadates that the degree of P sorption for the
Clear Creek soil was greater than the Barren Faitlas evidenced by the area under the peak.
Several studies have related total heat releagetdegree of P sorption (Imai et al., 1981,
Miltenburg and Golterman, 1998; Harvey and Rhu@®820 The greater heat release from P
titration of Clear Creek compared to Barren Forkissupported by the larger amount of P
sorption measured in the flow-through experimehigures 14 and 15). Note that overall P
sorption was net exothermic even though both exotitzeand endothermic reactions were
occurring, suggesting that ligand exchange wasnibgt dominant P removal mechanism as
supported by Figures 16 and 17. Observation o$itigle titration peaks also showed that P
removal reactions by the Barren Fork soil werediadtan Clear Creek (Figure 18).
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For example, the heat production rate after P exidio the Barren Fork soil returned to
equilibrium in approximately 4 minutes (Figure 1.8&owever, the broad peak for the Clear
Creek soil suggests that P sorption was not comgblettil at least 50 minutes, although much of
the reaction occurred within 10 minutes (Figure)18While P sorption reactions (chemical
process) indeed require time to occur, transpoetigs for sorbate from liquid to solid (soil)
must also be considered. For example, AharoniSpadks (1991) describe sorbate transport
processes in a solid-liquid system with severahades: transport of sorbate in the soil solution,
transport across a liquid film at the solid-liquiderface, transport in a liquid-filled micropore,
and diffusion of a sorbate at the soil surfacentw & micropore. The “slow burn” (Rhue et al.,
2002) displayed by the Clear Creek soil has besermd in other studies (Kabengi et al.,
2006b; Harvey and Rhue, 2008). Since both soile weminated by ligand exchange chemical
mechanisms which are extremely fast (Sposito, 139gbssible explanation for the long “slow
burn” for P sorption in the Clear Creek soil istthfier the initial P sorption reactions occurred
on the surfaces of minerals, further P sorptiorugea only after the slow physical transport and
diffusion of P into micropores (micropore scale gikbgl nonequilibrium). This suggests that for
Clear Creek, the overall P removal process waseagbly limited by the kinetics of a physical
process (transport of sorbate from liquid to salather than a chemical process. It is typical for
removal of a sorbate by soil to be limited by phgbsprocesses due to the presence of a porous
solid phase (Sparks, 1989). Essentially, P sanpgactions were able to occur much faster than
the physical processes which deliver phosphatiegsoil surface. A possible explanation for
why this “slow burn” was observed in the Clear Gresample and not the Barren Fork might be
that either the Barren Fork soils did not posskessame type of inner-porosity, or such zones
were already occupied with P due to the higherainsoil P concentrations (Table 1). Since the
soils consisted of the same soil type, had sirsilaface area (Table 2), and because Barren Fork
had twice the P saturation as Clear Creek, theaegpibn is likely the latter. A similar “slow

burn” diffusion preceded by a fast reaction waseolsd by Penn et al. (2010).

The difference between P sorption kinetics becom&® apparent when comparing the
distribution of the area under the peaks of Fidi8e For Barren Fork, nearly 100% of the
reaction occurred within 3 min. Contrast thistie Clear Creek sample in which only 50% of
the 10 min reaction was completed within 3 min.adidition, about 31% of the total reaction
occurred after 10 minutes, which suggests thattiatdi retention time beyond 10 minutes for
the Clear Creek soil will improve P sorption. Thigports the results of the flow-through P
sorption experiments that suggested that the B&oek soil sorbed P faster than the Clear
Creek soil.

Implications

Isothermal titration calorimetry provided non-détdibackground information with regard to the
degree of, mechanisms, and kinetics of P sorptma soils when evaluated based on
characterization data and flow-through P sorptigpeeiments. Both single titrations and 25
consecutive titration calorimetry experiments pceetl the greater P sorption capacity of the
Clear Creek compared to Barren Fork soil. In fRcsorption under flow-through conditions
was well predicted using an equation previouslyettgsed by Penn and Zhang (2010), which
utilized heat values from calorimetry and soil Alconcentrations.
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Calorimetry data also provided information on Pption mechanisms. Both soils in this study
displayed thermal patterns typical of P sorptioriggnd exchange mechanisms onto Al and Fe
oxides and hydroxides, followed by a lesser degfed and Fe phosphate precipitation.
Knowledge of these mechanisms is important sineertanner in which P is held can have an
impact on the resistance to P desorption. The angfachemical conditions on P desorption will
also vary depending on the mechanism in whichheld. For example, P bound onto Fe and Al
is typically more stable than P bound onto Ca (MeBlbet al., 2002; Penn et al., 2011), and
sorption of P by Ca phosphate precipitation is Ugwmaore sensitive to RT than sorption by
ligand exchange reactions (Sposito, 1994).

Perhaps most important, calorimetry proved to beedul tool in regard to providing an initial
assessment of kinetics and therefore the impaeifadn P removal. In contrast to a batch
isotherm, the rate of P sorption in a flow throsgktem depends on transport of products and
reactants as well as the kinetics of sorption.

This study demonstrated that soils which appeailaiitpased on routine characterization can
differ greatly in regard to P sorption behavior enflow-through conditions. Isothermal
titration calorimetry was a quick and inexpensivetimod to initially assess P sorption behavior
among different soil samples. The calorimetry apph presented in this study can help to
provide soil-specific information on the risk oiriputs to leaching (i.e., degree of P sorption)
under different conditions (i.e., flow rate or R&phd potential for desorption (P sorption
mechanisms).

(D) Plot-Scale Studies - Berm Infiltration/Leaching Technique (Heeren, Fox,
Storm, 2013, A berm infiltration method for conducting leaching tests at
various spatial scales, Journal of Hydrologic Engineering, In press)

The berm was constructed of four sections of 15inyl hose attached to four 98lbows
constructed from 15 cm steel pipe (Figure 19). Edbbw had an air vent and one elbow had a
gate valve with a garden hose fitting for watere Mmyl hoses were secured to the elbows with
stainless steel hose clamps and sealed with sdisealant. The berms were then partially filled
with water to add weight, but excess pressure wagled to ensure the vinyl did not separate
from the elbows.

Plots were loc