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Abstract of Dissertation

Water Treatment Residual and Vegetative Filter Strip Effects on Phosphorus
Transport Dynamics

Agricultural practices are regarded as being sources of water and soil
contamination. As a result, attention has been directed to management techniques of
agricultural waste to minimize environmental impacts. Phosphorus (P) is recognized as a
contaminant that causes adverse conditions in surface water bodies.

Alum is a coagulant that municipalities use in the water treatment process to
remove turbidity, color, taste, and odor from raw water while augmenting sedimentation
rates. Water treatment residuals (WTRs) are the waste material from water treatment
facilities. They generally consist of sand, silt, clay, organic substances, and coagulated
aluminum compounds. Previous research has found that WTRs directly added to soil
lessened the threat of non-point source pollution due to reduction in available P. Sorption
isotherms indicated the WTR P partitioning coefficient is 185 L kg™ versus 27 L kg~1 for
the unnamed Aridic Argiustoll soil. These results indicate that WTR application may be
used beneficially as a best management practice to control P availability.

Experiments were conducted to determine i) if a WTR application rate for
maximum P sorption could be identified, ii) if WTR applied to the soil surface would
retain more P and leach less P than the soil alone, iii) if HYDRUS-1D model could
predict total soil and WTR P transport, iv) if electron microprobe analysis using
wavelength dispersive spectroscopy (EMPA-WDS) would identify Al-P complexes

differently for various P concentrations, and v) if the Opus2Z model could elucidate how

il
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vegetative filter strips (VFSs) and WTRs impact TP transport in the interaction of surface
water and soil water.

A greenhouse experiment’s MRP concentrations and Opus2Z model simulations
indicated that a continuous layer of WTR over the soil with a depth of at least 5-6 mm
was found to significantly reduce TP surface transport. Column experiments
demonstrated that TP was mostly retained in the region of the WTR; this result was
verified by the HYDRUS-1D model. The EMPA-WDS images illustrated P
predominantly sorbed to the perimeter of a particle while P permeated the particle’s

interior as well as the interior at high P concentrations.

Colleen H. Green
Colorado State University
Fort Collins, Colorado
Spring 2004
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Chapter 1

Introduction
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Introduction

Agricultural practices are commonly regarded as being sources of water and soil
contamination (Sharpley, 1995; Abbozzo et al., 1996; Burkholder et al., 1997). As a result,
attention has been directed to management techniques for agricultural waste to minimize
environmental impacts (Abbozzo et al., 1996; Gburek and Sharpley, 1998). Phosphorus (P) is
recognized as a contaminant which causes adverse conditions in surface water bodies
(Sharpley et al., 1994; Grobbelaar and House, 1995; Sims et al., 1998, Daniel et al., 1998;
Parry, 1998). Public concern regarding the water quality impact of animal wastes that contain
P (Satchell, 1996; 1997) has driven policy regulators to scrutinize its application on
agricultural land. Stimulation of algal blooms by toxic dinoflagellates Pfiesteria has resulted
in fish kills. Increased populations of this organism, due to increased nutrient concentrations
in surface water bodies, have inspired environmental concerns (Burkholder et al., 1992).

Public awareness of environmental pollution has stimulated regulatory efforts to
minimize water quality degradation. Environmental regulation has caused agricultural
producers to design and implement more environmentally suitable practices. As a result,
producers must comply with new fertilizer and animal waste application regulations to avoid
over-application of P to cropland. Duda and Finan (1983) state that watersheds with intensive
animal manure production have the greatest potential to pollute adjacent surface waters.
Other sources of P include erosion and runoff from manure that has been land-applied and
from uncovered livestock holding and manure stacking areas that has been applied to soil in
rates excess of crop requirements (Sims, 1992).

Progress in controlling point source pollution has occurred since the passage of the
Clean Water Act (CWA) in 1972. The CWA defines concentrated animal feeding operations
(CAFO) as point sources of pollution and all other agricultural operations as non-point

sources. Currently, the definition of a CAFO is undergoing review and may be changed so
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that smaller operations and farms are required to implement water-quality programs that may
be cost-prohibitive. Controlling and identifying non-point sources of pollution is an ongoing
dilemma. Agricultural non-point source pollution is the major source of stream and lake
contamination that has prohibited the Clean Water Act from accomplishing the USEPA’s
stated goals (Daniel et al., 1998). In order to effectively manage non-point sources of P, the
origins and magnitude of P and the impacts that the hydrology of the area and land use have
on the transport and export of P need to be identified (Dorioz et al., 1998). For example, a
feedlot cattle study conducted by Erickson et al. (2002) demonstrated that supplementation of
inorganic mineral P to typical grain-based diets is unnecessary. Their observations are
pertinent because with less P intake by finishing feedlot calves, there can be less P released
through animal wastes to the environment.

Cattle feedlots have been documented as important sources of runoff P from
agricultural land (Dillaha et al., 1988). The impact of livestock waste on the physical and
chemical states of soil has been published by Heckrath et al. (1995), Pote et al. (1999) and
Edwards and Daniel (1993). The U.S. Environmental Protection Agency (USEPA, 2001)
stated that approximately 132,000 Mg of dried manure were produced via the beef, dairy,
swine and poultry industries. The number of animal units in the U.S. increased by 4.5
million (approximately three percent) between 1987 and 1992. During this time, the number
of animal feeding operations decreased, indicating the trend of fewer producers with larger
animal feeding operations.

In order to establish if a P water quality problem existed in northern Colorado, six
samples were taken from various places and depths from a lagoon and measured for
molybdate reactive P (MRP). The MRP in lagoon water ranged from 0.45 to 2.7 mg L,
indicating a high soluble P content. The water from this lagoon is used for irrigation purposes

and is considered to be a P-fertilizer source. Soil P concentrations have not been tested to
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determine if P has accumulated on the soil surface. The relationship of soil and soluble P is
important because a small increase in surface water’s P concentration (0.02 mg L) can
lessen its dissolved oxygen concentration while a change of the same magnitude would not
impact soil because average total soil P levels in the western U.S. are approximately 600 mg
kg’ (Shackellette and Boerngen, 1984). The discrepancy between sensitive lake and soil P
concentrations underscores the importance of determining how terrestrial P transport, storage
and export mechanisms can be minimized so that the quality of surface water can be
preserved. Evaluating whether the combination of vegetative filter strips (VFS) and water
treatment residuals (WTR) can effectively reduce runoff P could help in finding a solution to
non-point source P pollution.

Shreve et al. (1995) found that soluble P in ﬁ¢ld runoff can be reduced by the
application of commercial alum. Basta and Storm (1997) stated that nutrient runoff from
agricultural land treated with animal manures was reduced due to the land application of
alum residuals. They found that when alum residuals were added directly to the soil, the
threat of non-point source pollution was lessened due the reduction in available P. These
results indicate that the application of WTRs may be used beneficially as a best management
practice. Currently, federal guidelines do not exist for WTRs; however, its application may
be limited by the USEPA or individual states (AWWA, 1987).

There is a need to identify critical P sources as well as balance the inputs and outputs.
Identification of these areas will allow for routine soil tests and information regarding site
susceptibility to P loss. The P index will aid in the assessment of site vulnerability
(Lemunyon and Gilbert, 1993). The overall goal of effectively balancing P inputs and outputs
while ultimately reducing P losses from agriculture to surface waters will include additional
research and the education of agricultural producers. Site-specific P management strategies

will best serve the public’s and agricultural communities interests. Establishing strict
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measures to reduce P transport to surface water bodies will affect smaller agricultural
communities due to the expense to clean and monitor water quality.

The Colorado Legislature is trying to aid farmers and the related agricultural
industries by allowing best management practices (BMP) to be voluntarily adopted as stated
in the Agricultural Chemicals and Groundwater Protection Act (SB 90-126). This act
promotes education and training the agricultural community in regards to more efficient
usage of pesticides and fertilizers. With the voluntary adoption of BMPs, the State of
Colorado is encouraging the prevention of water resource contamination while minimizing
the need for mandatory regulations that may be too severe. Many agricultural sites need site-
specific attention for pollution attenuation rather than compliance with overly strict laws.

Environmental regulation has expedited the necessity of agricultural producers to
design and implement more environmentally suitable practices. An example of an
environmental practice is applying P at crop requirement levels. Phosphorus is often the
limiting constituent in eutrophication because nitrogen for algal growth can be obtained
through atmospheric inputs. As a result, regulatory efforts are focused on reducing P inputs to
surface waters.

In many soils, P content is greatest in the surface horizons, when compared to
subsoil, due to greater biological activity, fixation of P, and most organic material residing in
the surface layers. Soil parent material, texture, and management practices, structure, organic
matter, clay type, and type of fertilizer source contribute to soil P content variation. Most
soils contain approximately 50-75% inorganic P, but it can range from 10-90% (Chapman
and Coombe, 1997). However, as organic P identification techniques improve more of this
average value may be attributed to organic P. Vyas (1964), Gaur (1969), Nair et al. (1998),

and Atalay (2001) have demonstrated P sorption by soils in the company of organic residues.
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King et al. (1990) found that surface soil P concentration (0-0.5 m depth) was greater
after effluent application at a field site versus a laboratory sorption experiment. Mansell et al.
(1991), Nair et al. (1998), and He et al. (1999) have reported that P sorption occurs with soil
depth for several soils. Phosphorus is more susceptible to movement through sandy soils with
low P sorption capacities and with preferential flow through macropores and earthworm
holes (Bengston et al., 1992; Sharpley and Syers, 1979); capacity for P leaching may be low

~ due to predominately negatively charged surfacés and the complexing of Al and Fe by
organic matter (Duxbury and Peverly, 1978; Miller, 1979). Phosphorus has been observed to
move from soils high in P to subsurface waters, from which the P can reach surface water
bodies (Sims, 1997).

The soil contains P in both organic and inorganic forms. Crop residues, manure, and
humus are organic P forms. Manure can release P held in organic sources that can then
dissolve and be transported more readily in runoff when improperly managed. Organic
fertilizers are usually applied based on N recommendations, therefore P is commonly applied
in excess of crop requirements. Dissolved P forms are considered immediately available for
biological uptake (Nurnberg and Peters, 1984). Plants absorb inorganic P once it has been
mineralized by microorganisms from organic matter. This conversion process begins with
the break down of organic matter to the H,PO,” and HPO,” ions. Phosphorus can also easily
move when sediment-containing P is transported from agricultural land via runoff and

~erosion. This transport of P is the reason why agricultural industries are being targeted as
areas in need of immediate attention, and regulation, for better nutrient management
practices. The soil minerals that contain P are relatively insoluble but the P is not indefinitely
fixed. The P held by soil minerals becomes available to plants over long periods of time.

Figure 1.1 illustrates the complexities of P transport. The increased focus on P has

increased the need for environmentally relevant methods of P analysis in soil, water and other
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materials. Sediment P can be a long-term source of P for aquatic biota (Carignan and Kalff,
1980). This research focused on runoff and soil P concentrations. The constituents
determined include total P (TP), total dissolved P (TDP), molybdate reactive P (MRP) and
soil test P (STP).

In this work, the term “sorption” rather than adsorption is used because the processes
of chemisorption and precipitation cannot be distinguished by the methods used. Sorption is
any process that removes ions from solution to a solid phase. The sorption of phosphate to
hydrous aluminum oxides is termed chemisorption. It is defined as the process in which
singly coordinated hydroxyl groups are replaced with phosphate after which the complex
restructures into a stable double bridge between cations (Bohn et al., 1985). Precipitation is
considered to be the removal of ions from solution to form a new solid phase. Both
chemisorption and precipitation processes can occur at the interface between solution and a
solid phase. The literature lacks clarity in how to differentiate adsorption and precipitation
processes and current analytical methods do not distinguish between them.

The following chapters identify the impact of VFSs and WTRs on surface transport
of soluble P. Experiments were conducted to determine 1) if a WTR application rate for
maximum P sorption could be identified, ii) if WTR applied to the soil surface at a
potentially beneficial rate would retain more P and leach less P than the soil alone, iii) if the
HYDRUS-1D model can predict total soil and WTR P transport, iv) if electron microprobe
analysis using wavelength dispersive spectroscopy (EMPA-WDS) could identify P-Al
complexes differently for various soluble P concentrations and, v) if the Opus2Z model could
improve the understanding of how VESs and WTRs impact TP transport in the interaction of
surface water and soil water.

The greenhouse experiment incorporates the effects of WIR and VFS on soluble P

surface transport while a laboratory column experiment analyzes effluent and soil P
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concentrations from a vertical perspective. With model components fit to the conditions
under which the column experiment occurred, the HYDRUS-1D model prediction was
measured against experimental data. Additional soil and WTR characterizations in
conjunction with soluble P provided insight as to what can be expected from their
interactions. The EMPA-WDS images elucidated how P associates with a soil particle at
varying soluble P concentrations. Finally, a sensitivity analysis of the Opus2Z model was
performed to improve the understanding of how VFSs and WTRs impact TP surface
transport including the interaction of soil water and surface water. Altogether, greenhouse
and laboratory experiments and model simulations provided an understanding of how VFSs

and WTRs affect P transport.
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Figure 1.1. Phosphorus transport system (adapted from Sharpley and Halvorson, 1994).
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Chapter I1
Water Treatment Residual and Vegetative Filter Strip Effects on Phosphorus

Runoff: A Greenhouse Study
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Introduction

Agriculture is the main contributor of nonpoint source P. Phosphorus is
considered to be a contaminant when it is applied in excess to crop requirements because
it can be transported by sediment or water to nearby surface water bodies. Eutrophication
can occur when P concentrates in water and encourages algal growth. As a result,
management programs are being designed to minimize P transport to surface waters.
This chapter focuses on the utilization of vegetative filter strips and water treatment

residuals to minimize surface transfer of P.

Vegetative Filter Strips

Increasing interest in P-based nutrient management emphasizes the importance of
understanding P behavior in soils with vegetative filter strips (VFS) and using water
treatment residuals (WTR), the coagulant-sediment waste from a fresh-water treatment
plant. Vegetated filter strips are widths of vegetation that can act as a filter for sediment
and nutrient retention (Dillaha et al., 1989). They reduce contaminants in surface runoff
from agricultural land (Schmitt et al., 1999; Gallimore et al., 1999; Magette et al., 1989;
Dillaha et al., 1988). The USDA-NRCS began the National Buffer Initiative in 1997,
which constituted establishing two million miles of conservation buffers in the U.S. by
2002. In the past, VFS efficacy focused on the removal of solids from agricultural areas,
including feedlot runoff (Dillaha et al., 1989; Dillaha et al., 1988; Young et al., 1980;
Magette et al., 1986). The design of a VFS is usually site specific and based on
experience and limited data; therefore, the dimensions of the VFS for effective retention

and removal of nutrients and sediments are not definitive (Fasching and Bauder, 2001).
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There are few references that provide VFS data for minimally irrigated conditions
in semi—aﬁd and arid environments (less than 30-35 cm precipitation; Fasching and
Bauder, 2001). We need more data on how VFS design, vegetation, and management
impacts P transport and the effect that WTR have on P sorption and subsequent reduction
of dissolved solid transport and P runoff in these environments. Due to changing USEPA
regulations (2001) for confined animal feeding operations, it is imperative that the
regulations are based on data that relates to regions with similar climates since these best
management practices are site specific.

Due to the numerous P fractions that could be measured, the components selected
for analysis for this research are shown in Figure 2.1. Phosphorus can move as soluble P
(H,PO4 or HPO,?*) in surface (runoff) or groundwater (leaching). It can become sorbed
to sediment (measured by soil test P analysis). Phosphorus can be leached or become
desorbed, however, it typically remains in the top 15 cm of soil. Plants can absorb soluble
P that can be released later when plants or organic amendments (i.e. manure) decompose.

Water treatment residuals are a waste product of water treatment flocculation
processes. They are disposed in landfills or are stored on site unless a beneficial use is
identified. Therefore, applying it at an optimum rate to sorb more P within the VFS will
benefit the agricultural operations that contribute P to the environment as well as
economically benefiting municipalities. The application of environmentally safe
materials that can reduce the non-point P source threat to watersheds may be a practical
approach to effectively limiting available soil P. Water treatment residual utilization to

reduce P loading appears hopeful, but additional characterization is required to identify
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the impact of WTR on soil and runoff water quality. Ippolito et al. (1999) found that
WTR application to soils high in P could beneficially sorb excess soluble P.

| The potential for sediment and dissolved P transport in runoff increases as soil P
content increases. Sources of sediment P include eroding surface soil, streambanks, and
channel beds. Therefore, these sources of sediment also control sediment P transport.
Preferential transport of clay-sized particles means that the P content and sorption
capacity of eroded particulate matter is greater than the overall soil P would indicate.
Phosphorus transport can occur as particulate or dissolved P. Most of the P transported
from cultivated land occurs as particulate P while most of the P in runoff from non-

cultivated lands is in the dissolved form (USDA-SCS, 1994).

Water Treatment Residual and Alum

Alum [aluminum sulfate: Al,(SO4);914H,0] is the precursor to the WTR
byproduct. Alum is a coagulant that municipalities use in the water treatment process to
remove turbidity, color, taste, and odor from raw water while augmenting sedimentation
rates. The WTR waste material can contain colloids from the raw water and the products
of coagulation including amorphous aluminum oxides (ASCE and AWWA, 1996) from
when the alum is combined with lime during the water treatment process. Water
treatment residuals can contribute to soil aggregation due to the presence of aluminum
and iron oxides and contribute to an increased water holding capacity because of a total
organic carbon content of approximately 30 g kg (Elliott and Dempsey, 1991).

Water treatment residuals generally consist of sand, silt, clay, organic substances,

and coagulated aluminum compounds. They have low nutrient contents and metal
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concentrations that are similar to natural soils (Dayton and Basta, 2001; Fortenberry et
al., 1994). Elliott and Singer (1988) stated that WTRs do not have an adverse impact on
the environment unless the source itself is contaminated. However, since WTR sources
vary, the WTR should always be analyzed before being used. With the application of
WTR to land, no increases in dissolved solids or extractable Al have been observed in
surface runoff (Gallimore et al., 1999) nor have increases in salinity or heavy metals in
soils been noted (Peters and Basta, 1996; Basta and Storm, 1997).

The potential benefits of applying WTR to the soil include increased soil moisture
retention and aeration (Bugbee and Frink, 1985) and greater soil aggregation and soil
water holding capacity (Rengasamy et al., 1980). Shreve et al. (1995) found that soluble
P in field runoff can be reduced by the application of commercial alum. Basta and Storm
(1997) stated that nutrient runoff from agricultural land treated with animal manures was
reduced due to the land application of alum residuals. They found that when alum
residuals were added directly to the soil, the threat of non-point source pollution was
lessened due to the reduction in available P. These results indicate that the application of
WTRs may be used beneficially as a best management practice.

The addition of WTRs to land can reduce the movement of soluble P due to the
binding of soluble P by aluminum oxides present in the WTR (Gallimore et al., 1999;
Peters and Basta, 1996). Since alum is the precursor to the WTR by-product, it obviously
contains a sufficient amount of Al that can bind P. Aluminum content is positively
correlated with the P fixation capacity in soils (Freese et al., 1992). Ippolito et al. (2003)
stated that P was bound by Al as determined by SEM-EDS images of a mixture of

biosolids and WTR. If micropores are present within WTR aggregates, this would impact
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the rate of sorption and desorption of P. Phosphorus sorption to a particle’s exterior is
faster than its sorption to a particle’s interior (Selim, 1998). Therefore, P held within a
particle would take longer to desorb than P bound to the exterior. Scanning electron
microscopy-electron dispersive spectroscopy images can distinguish whether P lies
within the particle’s interior and/or exterior. Occlusion of P to the particles may occur
accounting for an additional mechanism of P sorption to the particle’s exterior.

Moore and Miller (1994) established that insoluble Al-phosphate minerals or
stable surface complexes are formed by the complexation of Al and orthophosphate ions.
Soil or sediment that contains Al, Fe or Ca can readily adsorb or precipitate soluble P
(Hsu, 1964; 1976). Phosphorus in solution can be adsorbed and precipitated by iron and
aluminum oxides or hydrous oxides (Stumm and Morgan, 1981; Tisdale et al., 1985).
Insoluble P compounds are formed between calcium and soluble P (Lindsay, 1979). Since
the unnamed Aridic Argiustoll being used for this research is basic, Al solubility is not of
concern in this study (Sparks, 1996). The soil being used for this study is also
calcareous and, therefore, P removal from solution may also occur due to adsorption and
precipitation reactions induced by Ca”* jons in solution. A study conducted by Tunesi et
al. (1999) demonstrated that Ca-ion activity in solution is primarily accountable for the
formation of insoluble Ca-P phases. Pote et al. (1996) confirmed that there is a linear
relationship between soil test P and runoff P. Therefore, in order to minimize P loading
either the source of the P must be lessened or the sorption capacity of the material
through which the P moves must be increased. Freese et al. (1992) suggested increasing
the surface area onto which the P comes in contact with by using Al-bearing materials,

such as WTRs.
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The United States annually produces approximately 0.35 million dry Mg of WTR.
This by-product can be released to sanitary sewers, lagooned or dewatered and disposed
in landfills (Elliott et al., 1990) at great expense to municipalities. The requirement for
disposal space alone suggests the need for identifying a beneficial use for WTRs.
Currently, federal guidelines do not exist for WTR application to agricultural lands;
however, its application eventually may be limited by the USEPA or individual states
(AWWA, 1987).

Potential disadvantages of WTR application include P deficiency in plants due to
labile-P sorption by the amorphous aluminum oxides in WTR. When WTRs were
applied at 10 g kg™ soil, Rengasamy et al. (1980), found that P uptake was redﬁced but at
lower rates corn (Zea mays) yields were increased and soil properties improved. Bugbee
and Frink (1985) determined that P availability was reduced and lettuce (Lactuca sativa)
yields were decreased as a result of using WTR as an amendment to potting soil at rates
of 0to 670 g kg''. Heil and Barbarick (1989) found that WTR fixation of P resulted in
decreased yields of sorghum-sudangrass (Sorghum bicolor sudane\rynse) when WTR
additions were greater than 15 g kg™'. Skene et al. (1995) surficially applied WTRs to
sand at rates of 20, 40 and 100 g kg™ resulting in the decreased growth of broad beans
(Vicia faba). Dayton and Basta (2001) found that alum that contained water soluble P
greater than 580 ug L' supported growth but produced inadequate tissue P in tomatoes.
Elliott and Singer (1988) showed that WTRs could increase the soil pH resulting in a
decrease in metal (Al and Mn) toxicity allowing for increased tomato (Lycopersicon
esculentum) growth. Ippolito et al. (1999) did not observe P deficiency symptoms in

conjunction with WTR application to blue gramma (Bouteloua gracilis H.B.K. Lag) and
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western wheatgrass [Pascopyrum smithii (Rydb.) A. Love]. After one year of alum- and
polymer-WTR application to a forest at rates of 0.8t0 2.5 g kg, Bugbee and Frink
(1985) and Novak et al. (1995), found that the amendments did not impact the growth or
nutrient content. Geertsema et al. (1994) state that by determining an optimum WTR
application rate, P plant deficiencies can be avoided.

By applying WTR for manure P retention to inhibit P movement into waterways,
the WTR would be beneficially used instead of going to landfills. While WTR beneficial
use decreases the amount of landfill space, it must also function within ecosystem and
land use constraints. Plant availability of P should be considered when applying a
material based on plant-N requirements to avoid excessive P application. Therefore, it is
important to characterize a specific WTR to determine its limitations and potential
applications relative to the soil’s chemical and physical characteristics.

A study conducted by Tate et al. (2000) characterized total P and total suspended
solids (TSS) in runoff from 10-m buffer strips on irrigated pastures in the Sierra Nevada
foothills. Their results indicate that 15% and 69% of irrigation water applied to sprinkler
and flood irrigated pastures became runoff. The buffer strips reduced total P and TSS
loads with flood irrigation scheme but failed to reduce total P concentration.

The main concept presented here is that the VES and WTR would remove
solution-phase and sediment-sorbed P from the lagoon water that may serve as a potential
irrigation source. With the nutrients reduced to an acceptable level, the water would not
be saturating the surface sediments with P, over fertilization would be less likely to occur,

and excess P would not be transported to nearby waterways when water flow was
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sufficient. When runoff occurs, having the WTR and VES in situ could minimize P
transport in overland flow.

Since previous research has shown that WTR can be used effectively for P
retention, with all conditions being equal I speculate that increasing the WTR rate will
sorb more P to a certain extent. The effective depth of interaction between the surface
material and runoff will limit the addition of WTR. Any topographical variation such as
an accumulation of vegetative residue on the surface or mass of WTR (due to its alum
coagulation properties) not evenly distributed on the surface will impact runoff flow
paths thereby impacting the ability of the WTR to retain P from the runoff. The flow
velocity and VFS box slope will also affect runoff dynamics and the WIR’s P retention
ability. Another sampling aspect to consider is that only 1.0 g of soil or 1.0 to 2.0 mL of
water was analyzed per sample. Since soil was collected in a manner to have minimal
effects on flow, a 100% of the cross sectional area was not sampled. The same is true for
the runoff. It was collected at one location that was 2.5 cm in diameter. The portion of
the sample that was analyzed for P came from a composite of the runoff collected from

the one sampling location.

Objectives
The objectives to be addressed in this chapter are:

o Determine if a WTR rate that allows for maximum P sorption can be identified

through MRP surface runoff analysis from a greenhouse experiment.

» Use Opus2Z model simulations to improve the understanding of how VFSs and

WTRs impact surface water and soil water interaction in relation to TP transport.
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Model Simulation of the VES System

Previous research has provided understanding of mechanisms controlling soil P.
The hydrologic controls linking spatially variable P sources, sinks, and transport
processes within a watershed are not as well understood. Within a watershed runoff is
usually generated from a limited number of source areas. These source areas are a
function of antecedent moisture conditions, topography, duration and intensity of water
input, temperature, and soils (Gburek and Pionke, 1993). Inclusion of hydrologic controls
is imperative to the understanding of P export from agricultural watersheds (Smith,
1992).

Opus is a long-term simulation model that was originally developed for small
agricultural areas to simulate a crop growth, root-zone soil, heat flow in soil and chemical
additives on small, homogeneous catchments. Opus is an option for scientists interested
in agricultural hydrology in that it has relatively advanced approaches to water movement
and chemical transport simulations. Opus simulates infiltration and runoff by using the
Smith-Parlange infiltration model (Parlange and Smith, 1978). Hortonian flow is
estimated whenever surface boundary conditions turn into ponding.

This model has been adapted for this research and is now referred to as Opus2Z.
This model simulates soil water and transport dynamics impacted by overland flow with
a temporal and spatial distribution that is not addressed by any other model. The Opus2Z
model allows the simulation of the interaction of adjacent soil/crop areas so that we have
the ability to determine the impact of buffer strips. The weather simulation requires daily

maximum and minimum temperatures, daily radiation and rainfall.
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Opus uses Richards’ (1931) equation to describe flow in the unsaturated soil
profile [eq. 2.1]. Richards’ equation [2.1] is solved for positive and negative surface flux

boundary conditions.

%?:;;[K(—g%+cosaﬂ—s [2.1]

where

0 is the volumetric water content (L* L),

t is time (T),

X is the soil spatial coordinate (L),

K is the unsaturated hydraulic conductivity function (L Th,

h is the water pressure head (L),

o is the angle between the flow direction and the vertical axis, and

s is the sink term (L* L= T™).

This model allows for multiple soil horizons, different crops, a slope, and a P
Langmuir sorption isotherm [eq. 2.2]. The Langmuir sorption equation is (Atalay, 2001;

Pierzynski, 2000):

G__L.& 221
where
G is the concentration of soluble P after 24 h equilibration (mg L'l),
C =S’+S,, the total amount of P retained (mg kg"),

S’=P retained by the solid phase (mg kg™),

S, = P originally sorbed on the solid phase (previously adsorbed P (mg

kg™,
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k is the Langmuir partitioning coefficient (mL g), and

Smax 18 the P sorption maximum (mg kg'l).

A linear regression analysis may be performed between C and C/C; to derive the values
for k and Spax as the slope and the intercept, respectively (Atalay, 2001).

The parameters in eqs. [2.3] and [2.4] must be estimated from the experimental
data in most cases (Butters and Duchateau, 2002). However, the parameter values used
were selected to yield the correct water content and flux as observed during the
experiment. The van Genuchten (1980) model of pressure-saturation requires the
residual (B;) and saturated volumetric water contents (0;). Figures 2.2 and 2.3 illustrate
the plant available water range as determined from eq. [2.3] The mathematical expression

used to graph plant available water is:

0-08 _f. (il 23
0:— 0
where
0 is the degree of saturation,
B is the curvature parameter in the soil-water characteristic function
h is the pressure head,
n is a fitting parameter related to the tortuosity and connectivity of the
capillary tubes, and
m is a fitting parameter.

The exponents in eq. 2.3 are related in the manner:

m=1—% [2.4]
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The strong surface tension of water that is locally continuous through the soil at a
particular water content, the lower the water content, the smaller the effective radii of the
water surface at granular interfaces. It is this gradient that causes water to move in the
soil. Most models today treat soil-water movement using concepts of storage filling and
draining. Opus describes the relation of water content to matric potential by using an
expression similar to that of van Genuchten (1980) but relates directly to the Brooks and
Corey relation (1966).

The Opus model requires five parameters to describe the hydraulic properties a
soil horizon including: A (a pore-size distribution parameter that is the log slope of the
soil hydraulic characteristic), 65 (the content of natural saturated water), 6 (the content of
residual soil water), Yy, (the air-entry parameter for soil capillary characteristic function in
mm) and K (which is the effective saturated hydraulic conductivity in mm min™) (Smith,
1992).

Material transport of labile P in the soil and on the surface is included in this
model. Plant growth and response to radiation, temperature, nutrient and water
availability are simulated mechanistically. Other hillslope models limit the range of
interactions, especially in relation to transport simulation and the interaction of
unsaturarated and saturated flow (Smith, 1992).

In Opus2Z, the surface water transport of nutrients is treated with a dynamic
convective transport solution (Havis et al., 1992), parallel with the solution of convective
transport of sediment, if any. Material may be leached from plants and surface residue;
this is then added to surface water or to soil water influx. Because this research’s focus

was overland flow dynamics, surface water interacts dynamically along its flow path with
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chemicals that have been selected to be transported. This interaction includes suspended
particles and those that lie on the surface soil. The chemical outflow is summed at the end
of the runoff event for both of the sorbed and dissolved forms. The equation for the

surface transport of the dissolved solute is (Smith, 1992):

a(gtcx) + a(gf”) = w[w(Cr - Cs) - f(C,)+RC,] 2.5]
in which

A is the cross sectional area of flow,

X is the distance along the flow path,

W is the width of flow,.

f is the infiltration rate,

Q is the discharge [L3 t'l],

is the rainfall rate,

Cr is the concentration in the surface water,

Ce is the concentration in the surface soil,

Cw is the concentration of the solute in liquid soil water [kg L'l], and

@ is the film diffusion coefficient (mm min™).
The corresponding equation for the sorbed solute is (Smith, 1992):

HACCw) | 0QCL) _ | B, enCar) + gsCe [2.6]

ot ox

in which

C, is the concentration of particle size class in surface water,

C.r  is the concentration of sorbed chemical on suspended sediment,

Cas is the concentration of sorbed chemical in soil,
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B is the relative particle class weighting based on particle specific surface,
d is the gross splash and erosion detachment rate of particle class,
ep is gross deposition rate for particle size class (negative for erosion), and
qsC.  is an external supply (if any) of sorbed material.
The equation [2.6] is applied to each of a range of particle size classes that cover the
distribution of particles in the surface soil and sediment. Sediment particle size

distribution in space and time is from the sediment transport equation (Bennett, 1974):

gs(x, ) = —aa;(acsk) + %(qcsk) —d(x,t) [2.7]
in which

Cs is the sediment concentration,

a is the cross sectional area of flow (m?)

q is water discharge per unit width (m* min™)

d is the rate of erosion or deposition at the bed (m min™!)

gs is the local input of sediment (m® m?min™?), and

X is the subscript that refers to a particle size class.

With practically no erosion in my experiments, this part of the model was not used.

The surface water convective transport equation is numerically solved during
runoff for each time step after which the flow velocity and its mean depth are available at
the present and past time step. In order to accommodate the injected overland flow in this
experiment, the plot experiments were treated like border irrigation plots, with a given P
in the irrigation water.

Within the program, the flow length of each element is divided into 10

computational increments. The number of segments is ¥2L , with L in m. Opus divides
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the soil profile into three sectors for the dynamics of residue and nutrients: a litter layer at
the surface, a microbiologically active soil layer, and the deepest layer (Smith, 1992).

Leaching allows for the downward movement of solution while dispersion
processes transport solution through the surface and subsurface materials. Macropore
flow is considered to be the solution that is transported due to the presence of
interconnected pores or channels in the soil subsurface created by vegetation (roots) or
inherent as a physical property of a material matrix. Figure 2.4 illustrates the phosphorus
processes that were preferred to occur in the model simulations.

Usually in Opus2Z, hillslope geometry is interpolated between any input points
resulting in an input profile descript_ion at any location where the rate of change of slope
changes. For this research, the entire profile is the same with a constant slope and depth
because a single specification was made resulting in a uniform slope and the soil depth

does not change spatially.

Materials and Methods
Soil Collection Site

The soil used is an unnamed Aridic Argiustoll that was collected from the top 15
cm adjacent to a feedlot in northern Colorado (Table 2.1). The site where the soil was
collected did not have prior manure applications and had not received runoff from cattle
areas. The WTR (Table 2.1) was collected in fall, 2001 from the Fort Collins Water

Treatment Facility.
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Greenhouse Experiment Solution

Distilled water was spiked with 10 mg L™ P bgcause it was considered to provide
observable differences between runoff events and the soil/WTR concentrations. The
soluble P source was concentrated phosphoric acid. Idecided to use an amount that
could provide observable differences. In a study comparing aluminum-containing
residuals and their influence on P, Haustein et al. (2000) found that more than 85% of the
runoff P was in the dissolved form. Therefore, it seemed reasonable that the P used for

this greenhouse study be immediately available.

Greenhouse Vegetative Filter Strip (Soil) Box

Although an indoor soil box is a small-scale imitation of the field, in the protocol
for the National Research Project for Simulated Rainfall-Surface Runoff Studies
(SERA17, 2001), it is stated that an indoor soil box runoff will have a similar relationship
between soil P and surface runoff P when compared to a field site that is extensively
tilled. Two box designs were originally configured. This was in an effort to minimize the
amount of soil that would be needed. The two boxes differed in length by 1 m; a 1 m by
1 mx 15 cm box and a2 m by 1 m by 15 cm box were constructed. Two weeks were
allowed as a settling time for the soil before runoff events took place to determine which
was the better design. Because the inflow concentration equaled the outflow
concentration more quickly with the shorter box, the longer box was selected for further
runoff events.

The longer experimental box was constructed of two main pieces and two

different layers of soil retaining materials. The base piece was a 2 m by 1 m frame
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