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The extent of agricultural drainage has created concern for its potential undesirable

effects on surface water quality. Land applications of liquid manure on tile drain

fields have the potential to transport solutes and bacteria to the drains following

precipitation or irrigation events and many times are directly sent to a surface water

body, and have been documented as a source of contamination of surface waters.

This study determined the potential for and magnitude of E. coil and solute

migration to tile drains through the soil profile. Water from subsurface drains was

analyzed for chemical and bacterial composition following tracer applications.

Two sites were selected for the study to determine transport at large (field) and

small (plot) scales. At the large-scale site, both tracers, bacteria (E. coli and Total

Coliform) and Amino-G (a conservative tracer), were used to monitor the speed of

transport from the surface to the tile drain following liquid manure applications,

tracer applications and additionally precipitation events. The concentrations of E.

co/i were monitored every hour for 76 days during the spring. Both tracers,

bacteria and Amino-G, were detected in the tile drainage shortly after precipitation

events. The peak concentration of E. co/i was observed to be 1.2 x 106

CFU/lOOmL. These elevated concentrations of E. co/i might be attributed to the

characteristics of the soil, high organic matter and well-structured clay soils. Both

the rapid breakthrough of tracer to the tile drain and the peaks of tile water

temperature during precipitation events provided evidence of macropore flow.
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Antecedent soil moisture and warmer temperatures appeared to provide ideal

conditions for bacteria growth.

The small-scale study site was selected for a more focused study. The purpose of

this site was to quantify more accurately the percent mass of surface applied tracer

that was transported to the tile drain, allowing mass balance calculations.

Experiments were conducted during the summer to control the rate and total

amount of irrigation. Amino-G readings were taken every 10 seconds for 125

hours of continuous irrigation. Tracer applications were conducted at runoff and

non-runoff conditions. Both types of tracer applications had Amino-G

breakthrough in less than 10 minutes after initiation of irrigation. Tracer applied at

runoff rates resulted in 4 to 17 times more total tracer mass migrating to the tile

drain than when applied at non-runoff rates. The total mass of Amino-G migrating

to the tile drain during non-runoff conditions depended on the total volume of

applied tracer, regardless of the tracer concentration. For an application of 5.6 mm

at 12 mg/L, 5.7 % of the total applied tracer migrated to the tile drain, whereas for

an application of 1.9 mm at 27.7 mg!L only 2.8 % of the total applied tracer

migrated to the tile drain. Tile flow response to irrigation experiments appeared to

be governed by soil moisture. Lysimeter samples were taken continuously every 4-

8 hours until the 94th hour after tracer application. Tile water concentrations were

consistently greater than concentrations found in the deeper suction lysimeters at

corresponding times, providing further evidence of preferential flow. E. coil

transported through the soil and into the drains were demonstrated to be event-

driven by precipitation events and irrigation events. In addition, the characteristics

of this type of soil the high clay content, the well-defined structure, the high level

of organic matter and rich biological activity has been known to enhance the

preferential pathways and transport processes in the soil profile, resulting in rapid

transport of surface applied solutes and effluents to tile drains.
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Migration of E. coli and Solutes to Tile Drains via Preferential and
Matrix Flow

1 CHAPTER 1 INTRODUCTION AND PROJECT OVERVIEW

"Far under the ground as men pass by unseen and alone I silently lie. When the
plow-team tramps on the full crunching earth I feel the hard thrust of the first

harvest to grow. Calm and content I secretly lie and carry my work as men pass
by."

L. H. Bailey

INTRODUCTION

Subsurface drainage (drain-tiles) is a common agricultural water management

practice in areas with shallow groundwater or seasonally high water tables and

poorly drained soils. Drain tiles are perforated pipes that are installed underground

to facilitate drainage of a field and lower the water table. By installing drain-tiles

farmers are able to extend the growing season and therefore maximize crop

productivity. However, the extent of agricultural drainage has created concern for

its potentially undesirable effects on surface and subsurface water quality (Stone,

1997). Solute in drainpipes is often sent directly to a surface water body, and has

been documented as a source of contamination of surface waters (Kladivko, 1991).

Unaltered solutes transported directly to tile drains, through preferential paths, may

have a strong influence on the total loading of solutes to surface bodies. This is of

concern in tile drained, managed dairy operations, where manure effluent is applied

as a nutrient source to fields, because of the potential forE. co/i transport to

streams.
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1.2 PROJECT OBJECTIVES

The focus of this study is to determine the potential for and magnitude of E. coil

and solute migration through the soil profile via preferential paths to tile drains.

This was accomplished by sampling water from subsurface drains and analyzing it

for chemical composition following tracer applications. Two tracers were used, a

conservative fluorescent tracer and liquid manure effluent. Two sites were selected

for the study to determine transport at large (field) and small (plot) scales.

This study will be useful for assessing the potential impact to surface water quality

of agricultural dairy and non-dairy management practices on tiled agricultural

lands. Soils at this study site are classified as silty clay loams under till and no-till

conditions. Results from this study should be applicable to sites with similar soils.
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2 CHAPTER 2- LITERATURE REVIEW

"Everything of importance has been thought of before by someone who did not
invent it."

Alfred North Whitehead, 1920

2.1 DRAIN TILE CHARACTERISTICS

The water table level in agricultural fields can be controlled through the use of

permeable drainage pipes (corrugated plastic tubing, clay or concrete tile) that are

installed below the soil surface, usually just below the root zone. A variety of types

of drain tiles have been used over the years; clay tiles were the most common type

until plastic tubing was produced. Clay or concrete tiles are 1 foot in length, with

diameters ranging from 3 to 24 inches. Clay tile may be either porous or glazed.

Pipe sections are abutted against each other and water enters tile lines through the

joints (Stuyt, 2000). Corrugated or perforated plastic (polyethylene) tubing weighs

about 1125th of equivalent clay or concrete drains, is durable, resistant to soil

chemicals, and easy to join and handle. However, it is less affordable and less

permeable than clay or concrete. Water enters corrugated plastic drains through

slots or perforations (Stuyt, 2000). Other types of drain tiles used in the past that

still remain in fields today include: drain bricks, horseshoe tiles, double horseshoe

tile, horseshoe pipe tile, flat-bottom pipe tile, egg-shaped pipe tile, the pipe and

stone drain, oval sole tile, perforated collar, shin-bone tile, two-tiered tile, one-inch

tile, three two-inch tile in one trench, stone drains, turf drain, and plank drain

(wooden slabs) (Miles, 1908; Weaver, 1964; Cooper, 1965). Although most of

these systems are considered inactive and commonly ignored, being blocked with

silt, (Cooper, 1965) their presence can still play an important role in the overall

hydrology of the fields. According to Busman (2002), until the 1970's, most

subsurface drainage pipes in the US consisted of clay tile drains. Today most

drainage pipe used is perforated polyethylene tubing.
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Drain envelopes are often used to protect subsurface drains and improve the

bedding conditions. They consist of porous material placed around the tile drains,

to protect the drain from sedimentation and improve its permeability. Envelopes

can be made out of mineral, organic, and synthetic materials (Stuyt, 2000). Earlier

envelopes used in the Willamette Valley include: wood chips, shavings, sawdust,

straw and similar materials. Sand and gravel filters were also used, but their use

was limited due to the high cost. A filter sock is now produced for installation with

plastic drain tubing (USDA 1977).

2.2 DRAIN TILE ARRANGEMENT

The topography of the land to be drained and the position, level, and annual

fluctuation of the water table are all factors to be considered in determining the

proper type of drainage system for a given site (USDA, 1973). All drains are

installed down slope to ensure the greatest efficiency in the discharge of water.

Regardless of the design used, all tile arrangements contain one or more main lines

(mains). The main line, also known as a collector drain, is composed of a large tile

that carries the discharge from submains and laterals. A submain is a smaller

branch of the main line draining a subsection of the drainage area served by the

main. A lateral is a single line, which collects the water from the soil and empties it

into a main or submain. Drain tiles are laid out at an angle from the bottom of the

field, the top end of the laterals being higher up in the field than the point at which

they enter the mains (Cooper, 1965). Thus, the main line is usually laid in the

lowest ground, without any abrupt changes in fall; sub-main or laterals are laid on

each side of it (Luthin, 1957).



There is four main arrangements of drain tiles: parallel (gridiron), herringbone,

double main, and random (natural) (USDA, 1973) (Figure 2.1). The parallel or

gridiron system consists of parallel lateral drains located perpendicular to the main

line. This system is primarily used on large flat fields or uniformly sloping areas

(Ritzema, 1996). The herringbone system consists of parallel lateral drains that

enter the main at an angle from either or both sides. This system is used where the

main line lies in a depression or is located in the direction of the major slope.

Therefore, it's used for drainage of concave or natural draw topography (Ritzema,

1996). The random (natural) system is used primarily for drainage of small or

isolated wet areas. The main line runs up through the center of the low area, and

laterals run out from it to cover the wet area. The double main system is a

modification of the herringbone system. It is used where a depression, usually a

watercourse, divides the field to be drained. The main is placed on each side of the

depression and laterals are placed perpendicular to the main in the opposite side of

the depression (USDA, 1973).

Figure 2.1 type of drain tile arrangements. (From NCAT 2000)



Drain tiles are typically installed down slope at a depth of 30 to 40 inches, and at a

spacing of 20 to 80 feet depending on the soil type (Zucker, 1998). Ayres (1954)

suggests an installation depth of 2 to 2 V2 feet for clayey soils and 4 feet in sandy

soils. As for spacing between tiles, he suggests to use 30 to 40 feet for clayey soils;

60 feet for mixed clayey soils with fine sand; 70 to 80 feet in clayey soils with

granular structure; 100 feet in alluvial, sandy barns with joint clay subsoils; 150 to

200 feet in sandy lands.

The diameter of clay tiles used is dependent on the total area of drainage.

According to Miles (1908), a l-¼ inch diameter tile is sufficient to drain a two-acre

field, whereas an 8-inch diameter tile is required to drain a one hundred-acre field.

A six-inch tile is usually considered the minimum size to use on mains and

submains (Ayres, 1954). In the Willamette Valley the tile diameter is dependent on

the capacity to handle one-half inch of rainfall or more for each acre in a 24-hour

period. Tile diameters ranged from 6 to 12 inches (only even sizes). The size of the

average clay tile used in the Willamette Valley until recently was a six-inch

diameter for a main line, and a four-inch diameter for a lateral (Powers, 1916; Fred

Price, personal communication, November 1, 2001). However, since 1972 the use

of plastic tubing has become more common in agricultural fields and the use of

clay tile have slowly disappeared.
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2.3 THE FUNCTION OF TILE DRAINAGE ON IRRIGATED
LANDS

The need for drainage is crucial in agricultural areas with low soil permeability (the

ability of soils to drain water), flat or depressional topography, restrictive geologic

layers underlying the soil profile, and periods of excess precipitation (Rycroft,

1995). In low permeability soils, during the spring and fall when farmers need to

plant and harvest, soils tend to be saturated and wet. Excess precipitation are more

likely to either pool on the soil surface or generate surface runoff (Nicholson,

1942), which can be prevented by subsurface tile drainage. Aeration is an

important part of soil productivity, it provides diffusion of oxygen to plant roots, an

indispensable element for plant growth (Ayres, 1954). Non-drainage systems can

lead to flooding conditions causing reduced-aeration and lower crop productivity

(Ritzema, 1996). Therefore, the primary purposes of enhancing drainage on

irrigated lands is to prevent waterlogging of the soil and maintain the water table

(saturated zone) at a level just below the root zone (Figure 2.3) (Ayres, 1954).

Providing a zone of high crop productivity and high permeability (Figure 2.2)

allows us to minimize surface runoff and erosion. Drainage is also important for

crop productivity of irrigated soils in arid regions by preventing the build up of

salts on the root zone (Brady, 1996). Furthermore, creating a bioactive zone

decreases leaching of soluble chemicals such as nitrates into the subsoil (Milburn,

1990). By reducing surface runoff and increasing the bioactive zone, subsurface

drainage reduces non-point source pollution. However, by redirecting downward

leachate, drains may also enhance solutes enrichment of surface waters (Rycroft,

1995). Therefore, the removal of excess water from agricultural lands by drains

placed below the soil surface has beneficial effects both in terms of crop growth

and water quality from surface runoff, but a potentially adverse effect on water

quality by re-directing seepage solutes.



Figure 2.2 - Effect of tile drainage. Zone of increase crop productivity and
high permeability. (after Busman 2002).



Root zone

a
Water table profile
during drainage

Figure 2.3 Shape of the water table in a tile field. (after Zucker, 1998).

2.4 SOIL CHARACTERISTICS AFFECTING INFILTRATION

The term permeability has often been used simultaneously with hydraulic

conductivity to describe the readiness with which a porous medium conducts water

or other fluids (Hillel, 1998). To differentiate these two terms Hydraulic

conductivity can be separated into two factors, the intrinsic permeability of the soil

and the fluidity of the permeating liquid. The intrinsic permeability represents the

properties of the soil and it is dependent on soil texture and structure. The fluidity

is determined solely by the properties of the fluid. Equation 2.1 describes this

relationship.

K ='-?-i'1 Equation (2.1)
'\17}

where K is hydraulic conductivity, k is intrinsic permeability, p is fluid density, g

is gravity, and 17 is dynamic viscosity. Hydraulic conductivity is affected by the

structure and texture of the soil. Texture plays a major role in the movement of

water. For example, low permeability soils contain relatively large percentages of

clay and silt-sized particles, which hold water well and drain poorly. On the other

hand, coarse soils contain a large percentage of sand-sized particles, and tend to

hold less water and drain well (Nicholson, 1942). This explains why sandy soils

have higher saturated conductivities than finer-textured soils (clayey soils). The

permeability of the soil is equally affected by soil structure. For example, a

granular soil structure promotes the movement of water through interaggregate
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spaces, which are generally much larger than pore spaces within the aggregate. A

massive structure with little or no structure permits a much slower movement of

water. That is why highly porous, fractured, or aggregated soils tend to have

greater hydraulic conductivity than fine texture structureless, tightly compacted and

dense soils.

Hydraulic conductivity depends more strongly on the sizes of the conducting pores

than on the total porosity since it increases as the curve of the pore radii. Therefore

larger pores (macropores) formed by biological activity (worm holes, burrows and

decayed roots channels) and physical processes (cracks and fissures) present in the

field can dominate fast transport. Their effect on flow depends on the direction and

connectivity of the pore structure and the state of soil saturation (Li, 1997). It is

commonly understood that macropores will conduct only if either the soil is near

saturation or if the soil surface is ponded. Within the matrix, the higher the soil

moisture content the higher the hydraulic conductivity (Shipitalo, 1996). Physical,

chemical, and biological processes may change the hydraulic conductivity over

time. For instance, the drying (shrinking) and wetting (swelling) process of clayey

soils forms cracks in the soil profile increasing the hydraulic conductivity.

Under saturated conditions, water movement follows Darcy's law:

Q = KA11 Equation (2.2)
AL

where Q is the volume flow rate per unit time (cm3/sec), K is the saturated

hydraulic conductivity (cm/sec), AH is the energy head difference (cm), AL is the

distance traveled (cm), A is the cross-sectional area through which water flows
(cm2).

Under saturated conditions the water flows freely under the influence of gravity,

and travel time variability is caused primarily by soil pore heterogeneity.



11

The flow of water under unsaturated conditions is more complex being influenced

by both gravity and differences in water potential (matric potential (w)). For

example, water moves from a moist zone (high energy state) to a dry zone (low

energy state). The matric potential results from the physical forces generated at the

air-water interface, known as the phenomena of capillary. Unsaturated flow is

modeled by the Darcy-Buckingham equation:

Q = K(i1i)A Equation (2.3)

Water movement in clay soils is difficult to characterize because of the

unpredictable geometry and continuity of voids as the soil shrinks and swells

(Rycroft, 1995). The amount of macropores will greatly influence the amount of

drainage on clay soils. As the soil dries, cracks will form and as soil is wetted it

will swell and cracks will close up again. If the soil is not wetted completely, some

voids will remain capable of conducting flow (Rycroft, 1995). Because the clay

matrix has a very low hydraulic conductivity, most of the drainage is influenced by

macropore flow through which water passes freely bypassing the matrix. "This

bypass flow, also called preferential flow, is mainly controlled by surface

infiltration which is dependent on rainfall intensity, initial pressure head, and the

hydraulic conductivity of the soil matrix" (Rycroft, 1995). Studies have shown that

water may move through all the different types of macropores; from shrinking

cracks to the cylindrical pipes formed by roots or rodent activity (Bouma, 1985). A

significant proportion of drainage water from cracking clays has been found to be

from bypass flow. In a well-structured soil, the larger macropores usually occupy

about 5-8% of the soil's volume but only about a fifth of these are continuously

supporting the flow of water through them (Rycroft, 1995).
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2.5 SOURCE OF CONTAMINANTS TRANSPORTED TO
SURFACE WATERS VIA TILE DRAINS

Although tile drainage in surface drained land reduces runoff peak discharges and

lessened the risks of flooding (Mclean etal., 1982), it has been well documented

that ti!e drains have adverse effects on surface water quality (Gentry, 2000;

Bergstrom, 1987; Lennartz, 1999). Hunda! (1976) demonstrated that the saturated

hydraulic conductivity of a clay soil increases after the installation of a drain tile.

Furthermore, studies have shown that surface water contamination in tile drains

systems is attributed to the presence of macropores in the system (Shipitalo, 2000),

resulting in a faster rate of contaminant delivery to tile drains through preferential

pathways (macropores) than what it might have been expected from the soil

physical characteristics or matrix flow (Kung, 2000). Thus, macropores can greatly

reduce the potential for soil profile retention of bacteria, viruses, colloids,

suspended solids, and solutes and greatly increase the risk of subsurface

contamination. Although only a small portion of the total surface applied

chemicals is thought to be transported through macropores, the concentrations of

solutes found in tile drains have been found to be above the EPA US standards

(Jaynes, 2001; Kladivko, 1991).

Not only chemicals in the form of fertilizers and pesticides have been found to

migrate preferentially to tile drains, but also liquid manure effluents containing

bacteria and other pathogens. Land application of liquid manure can result in

nutrient enrichment (nitrogen and phosphorous) (Jaynes, 2001) and elevated

bacterial populations in surface waters (Dean, 1992; Fleming 1990, 1995).

However, in most of these cases, a driving force like rainfall is required to transport

the solutes to tile drains (Howell, 1995).
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The most common group of bacteria used as an indicator of fecal pollution is the

Fecal Coliform group. "Escherichia coil (E. coil) is a species of Fecal Coliform

bacteria that is commonly found in the intestines of warm-blooded animals and

humans" (Edberg, 2000). Pathogenic strains of E. coil might induce distinct

disease syndromes such as diarrheal diseases, wound infections, meningitis,

septicemia, artherosclerosis, hemolytic uremic syndrome and immunological

diseases such as reactive and rheumatoid arthritis (Olsvik, 1991). The presence of

E. coil in water is a strong indication of recent sewage or animal waste

contamination (Edberg, 2000). EPA recommends E. coil as the best indicator of

health risk from water contact in recreational waters (Edberg, 2000). Although

most Fecal Coliform bacteria strains are harmless, pathogenic bacteria such as

Escheriachia coil 0157:H7, Saimoneiia, and Shigeiia may also be present in

animal waste thus the detection of waterborne Fecal Coliforms serves as a potential

indicator for the presence of these disease-causing microorganisms (USEPA,

1999). Because E. coil 0157:H7, the most commonly known pathogenic strain of

E. coil, have been found to be excreted by a significant number of cattle, Ogden

(2001) suggested that the field behavior of E. coil 0157 could be studied by

monitoring the total population of E. coil applied with effluent. Thus,

understanding the soil transport processes of the total E. coil is important in

development of management strategies.
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3 CHAPTER 3 LARGE SCALE

"Far better an approximate answer to the right question, which is often vague, than
an exact answer to the wrong question, which can always be made precise."

Jolm W. Tukey, 1962

3.1 INTRODUCTION

The Oregon State University (OSU) Research Dairy maintains about 150 mature

cows and 80 heifers at the facility year round. The facility includes a 30 acre tile

drained pasture which is currently used for pasture grazing rotation. Manure is

collected from the confined milking herd by flushing the floor with recycled water

(Figure 3.1). All the manure is pumped through a liquid solid separator with the

liquid fraction stored in a 520,000 gallon, above ground steel storage tank

(Gregory, 2000). The OSU dairy generates 125,000 to 220,000 gallons of

wastewater per month. During the winter, approximately every 10-14 days the

storage tank becomes full and the liquids are pumped from the tank and applied to

the dairy's pastures (Appendix 3.1). The primary way of spreading the stored

liquid manure is using a "big gun traveling sprinkler" (Figure 3.2). The total

amount per application varies between 6,000 and 24,000 gallons per acre

(equivalent to approximately 5cm of liquid) depending on the travel speed of the

big gun.



Figure 3.1 - Manure collected from the confined milking herd. Showing floor before being flushed with recycled
water.



Figure 3.2 - Big gun traveling sprinkler. Manure application during one of the experiments.
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On February 1, 1999, a representative of the Oregon Department of Agriculture

(ODA) inspected the OSU Research Dairy and found a violation of their Water

Pollution Control Facilities General Permit and Oregon Water quality laws

(Appendix 3.1). The violation consisted of detection ofE. coli at a natural surface

pond (seasonal wetland), located in the south east corner of the OSU Research

Dairy lands and south of Campus Way Rd. (bike path) (Figure 3.10), indicating

evidence of past waste discharges to this area from presumably an unidentified

seepage point (contaminated pool). Water samples from the pond showed E. co/i

results of 7,000 MPN/100 mL. These levels represent 18 times the U.S. EPA

standards for surface water. Subsurface seepage waters are thought to enter the

pond, and then flow overland into Oak Creek. It was assumed that the seepage

source may be a tile drain outlet from the dairy tile drain system, given its

proximity to the application fields. As a result of this incidence, the OSU dairy was

named the responsible party for the contamination and it was cited by the ODA

with a Noncompliance Notice (NON) and a Plan of correction (POC) (Appendix

3.1), requiring the OSU dairy to take appropriate measures to eliminate wastewater

discharge to the tile drain. See section 3.2.1.2 for details on the OSU dairy action

plan. In addition to this event, Larry Lamperti, the City of Corvallis environmental

analyst, "had traced high levels of bacteria in the Oak Creek to the OSU dairy

operation in the past" (Kessinger, 1999).

Although the tile system is the suspected conduit, the source of the E. coli

contamination found in Oak Creek is not known. It is normally assumed that

surface applied manure effluent will move slowly through the soil matrix, allowing

for natural biologic and chemical activity to reduce the population of E. co/i.

However, this project has tried to determine the possibility that surface applied

manure effluent may be transported very rapidly through macropores that are

connected between the surface and the tile drains. Fast transport rates can deliver
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the effluent before E. co/i die-off rate reduces the population to U.S. Environmental

Protection Agency standards for surface waters. EPA US standards require that not

one sample can exceed 406 CFU/lOOmL or 126 CFU/lOOmL for an average of five

or more samples in a 30-day period.

The objective for this portion of the project where: to determine ifE. co/i was

transported in substantial quantity to the tile system; to ascertain if the transport

mechanism was via macropore flow; and to test the validity of the common practice

allowing winter application of manure during 72-hour windows of no precipitation.
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3.2 MATERIAL AND METHODS

3.2.1 Site description

3.2.1.1 Description of location

The study area is comprised of an approximately 23 acre section, located in the

southeast corner of the Oregon State University (OSU) Research Dairy, 0.8 Km

west of the Oregon State University campus, Corvallis, Oregon (Figure 3.3). The

Universal Transverse Mercator (UTM) projection of the midpoint of the study site

is approximately 476580E, 49347 17N. These soils formed in mixed alluvium on

the Willamette Valley terraces (USDA, 1975). Elevation is 251 ft. The parent

material is fine alluvium over lacustrine deposits. The slope is approximately 1 %.

Average annual precipitation is 40 to 45 inches and average annual air temperature

is 52 °F to 54 °F. The frost-free season is 165 to 210 days.

The study site boundaries are defined by the drainage area of the tile arrangement

located in the southeast corner of the OSU dairy. Although the exact tile drainage

area is unknown because no records have been found, the total area being drained

by this particular tile arrangement has been estimated based on the recollection of

installation records and recent surveys. According to Fred Price (2001), the person

responsible for the installation of the drain tile system at the OSU dairy, the east

half was installed in the herringbone arrangement which implies that the overall

arrangement is most likely a herringbone (see section 2.2). Based on this

assumption that both sides of the herringbone arrangement were installed, the total

area being drained is approximately 23 acres (31 2m x 292m). The main line

extends approximately 312 meters in the north/south direction and the herringbone

pattern extends approximately 146 meters to each side of the main line.
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Recent surveys using a magnetometer revealed the location of some of the tile

drains and other additional subsurface features at the site (Rogers, 2003). The

surveys validated a portion of the tile arrangement (Figure 3.5), and also has

uncovered other additional anthropogenic features in the site, (Figure 3.4) for

which no records had been found and which may impact the hydrology. The

survey detected the presence of what it might be an older tile system lying across

the existing tile laterals (Figure 3.4). Multiple installations are a common practice

in tile drain fields (Floid, 1958; Cooper, 1965). There also seems to be a 12-inch

water main (iron pipe) running parallel to the herringbone pattern in the southeast

boundary of the study site (Figure 3.4). A 1912 Oregon State University map

confirmed the existence of this iron pipe and it further validated the reliability of

the instrument in identifying the other features (Figure 3.6).

Since all effluent is collected from the tile laterals into the main line and eventually

discharged in close proximity to the creek, the OSU dairy, in response to the ODA

Plan of Correction, took immediate action and dug two pits during the summer of

1999 in an attempt to sever the main line and prevent direct delivery to the creek.

One pit was located across the main line (north pit) close to where it intersects

Campus Way Rd. and the other pit was dug at the main tile outlet where the

contaminated pool was located (south pit) (Figure 3.7). Both pits were filled with

sand for the purpose of filtering the contaminants (Figure 3.8) (Appendix 3.1).

This new system only lasted until the next storm when excessive head pressure in

the tile system pushed the sand out of the pits. Since that event, no other changes

have been made to the pits. The north pit (herefore called "the pit") allowed

convenient access to the tile drain and was therefore used to install our

instrumentation. The pit has the following dimensions: 12 ft wide, 23.5 ft long, and

44 in deep. The pit is located at the south edge of the study area, on the north side

of Campus Way Rd. and 50 meters north of Oak Creek (Figure 3.7). The Universal

Transverse Mercator (UTM) projection is 476570E, 493467 iN.
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Figure 3.4 Figure A shows the map of the magnetometer surveys conducted
at the OSU dairy site. Showing additional anthropogenic subsurface features.
Showing in red an unidentified 12-inch water main running towards Oak
Creek. Figure B shows an older tile system lying underneath the current tile
arrangement. The older tile system is marked with a red line.
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Figure 3.6 An old Oregon State University map. Showing the unidentified
12-inch water main. (OSU Archives).



Figure 3.7 - Location of the soil pit at the OSU dairy site. Showing to the right, the location of the contaminated
pooi found near Oak Creek and the two soil pits dug out in response to the plan of correction.



Figure 3.8 Soil pits after they were filled with sand. North pit
located just north of Campus Way Rd. and south pit 40 meters
south of the Road (Oregon Department of Agriculture).
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During high precipitation events, mostly in winter, the pit overflows and water

flows as surface runoff down gradient (parallel to and along the north side of

Campus Way Rd.) (Figure 3.9), reaching an intermittent stream located 25 meters

west of the pit (Figure 3.10). The water continues through a culvert under the road

and empties into a seasonal wetland located 40 meters south of the pit and where

the contaminated pool was found (Figure 3.10).

During the spring and summer when the water table is lower, the water level in the

pit remains low and all water either drains downward to the local water table or

drains into the down gradient piece of broken tile, albeit slowly through a soil

clogged entrance. The pit has broadened approximately 1 foot every year from

water caving in the sides during the winter. This natural process has uncovered an

unknown 5 inch iron pipe that runs perpendicular to the main tile outlet (parallel to

the road), about 5 inches above the tile. Since this pipe is down gradient of our

instrumentation, no testing has been done related to this pipe.



Figure 3.9 - Failure of plan of correction. Showing surface runoff along Campus Way Rd.
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Figure 3.10 - Surface runoff intercepting an intermittent stream west of the pit and reaching a seasonal wetland near
Oak Creek.
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3.2.1.2 Soil description

According to the Soil Survey of Benton County Area (USDA, 1975), the study site

contains three distinct soil series: the Amity series (Am), the Dayton series (Da)

and the Woodburn series (WoA). These soils are classified as silty clay loam soils

with low hydraulic conductivities (K= 0.2-0.6 in/hr). Figure 3.11 shows the

location of the soil types in the study site. The Amity soil series (Am) is classified

as "somewhat poorly drained" and is defined as soils that "are wet for significant

periods but not all the time, some soils commonly have mottling at a depth below 6

to 16 inches" (USDA, 1975). The Dayton series (Da) is classified as "poorly

drained" and is defined as soils that "are wet for long periods and are light gray and

generally mottled from the surface downward, although mottling may be absent or

nearly so in some soils" (USDA, 1975). The Woodburn series (WoA) is classified

as "moderately well drained".

3.2.2 Experimental design

3.2.3 Overview

The focus of the experiment was to determine if preferential paths were actively

transporting solutes and to determine the speed of transport from the surface to the

main tile drain outlet. Two tracers were used. A conservative fluorescent tracer,

Amino-G, was selected for its low detectability and ease, and low cost of analysis.

The advantage of using a tracer is that exact application amounts were known,

allowing calculations of mass balance. The main disadvantage of this tracer is that

it moves with the water as a dissolved substance and does not mimic retention

characteristics of E. coli. Therefore natural manure effluent was also used as a

tracer, allowing calculation of transport rate but not mass balance.
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Figure 3.11 - Delineation of the soil types at the dairy study site. Showing two
different soil types. (USDA, 1975).
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Experiments were run during the spring when the soil surface is not saturated. This

allowed us to understand the process of solute moving strictly into the soil profile

when surface runoff is not an issue. Demonstrating that if preferential flow is

present during this time of the year, it is also likely that it is occurring during the

wetter part of the year (Kung, 2000; Jaynes, 2001).

3.2.4 Installation of equipment

3.2.4.1 Flow meter

An Ultrasonic Doppler flow meter with micrologger, model 6526B Starfiow from

Unidata Inc., was installed 15 feet upstream from the pit into the drain tile. The

flow meter was attached along the bottom of the tile drain, using a 15 feet long 3/4

inch PVC pipe (Figure 3.12). See section 3.2.5.4 for a detail description of device

usage.

3.2.4.2 Water sampler

A portable sequential/composite water sampler, model 3700C from Isco, Inc., was

used for collecting water samples from the tile drain (Figure 3.12). The 15 feet

long 3/4 inch PVC pipe connected to the flow meter was used for water collection

from the tile drain. A 9-foot 3/8-inch vinyl plastic tubing was used for connecting

the exposed end of the PVC to the pump tubing of the water sampler (Figure 3.12).

The water sampler maintains the EPA-recommended 2 ft/second line velocity, and

is designed with thick foam insulation (R-1 1) and 16-lb ice capacity for sample

preservation.



Figure 3.12 - Cross-section of the soil pit instrumentation at the dairy site. Showing the water sampler (ISCO),
flow meter, and Suction lines.



3.2.4.3 Tracer preparation and fluorometer calibration

Amino-G tracer solutions were prepared for two purposes: (1) standard solutions

were made to calibrate the fluorometer; (2) pre-made concentrated solutions were

made for later dilution during field tracer application experiments.

Two stock solutions were prepared: 2 liters of 500 mg/L and 1 liter of 39.73 mg/L

from which dilutions were made. The mass of Amino-G used took into account the

fact that the powder had an average purity of only 77.5%. An additional 145.16mg

of Amino-G powder was added to each liter of the 500 mg/L solution and 11.534

mg to each liter of the 39.73 mg/L solution to compensate for the 22.5% impurity.

The following equation was used to make dilutions from the stock solution:

CV
C1V1 =C2V2 = V1

22 Equation (3.1)

where C1 is the initial stock solution concentration, V1 is the volume needed from

the initial stock solution, C2 is the desired concentration of dilution standard, and

V2 is the desired volume of dilution standard.

Eight serial dilution standards of Amino-G tracer were prepared for fluorometer

calibration of the fluorometer. The fluorometer minimum detection limit of Amino-

G is i0 mg/L). Serial dilution concentration are shown on Table 3.1 (Cassidy,

2003).
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Table 3.1. Amino-G dilution standards used for fluorometer calibration.

Amino-G dilution
standards (mg/L)

250

3. 15693

0.25085

0.05900

0.0 1993

0.00327

0. 00 158

Mass of Amino-G powder was measured on a Denver Instrument Company A-

series, model # 259 electronic analytical balance. Then, the Amino-G powder was

transferred into a 1-liter volumetric flask and filled with the desired volume of

distilled water. Finally, the solution was mixed using a Corning magnetic stirrer

until all the Amino-G was dissolved.

Equation 3.1 was also used for calculating the proper concentration for the pre-

made tracer concentrate for field application. In this case, C2 is the tracer

concentration to be applied, and the variable to be determined; V2 is the volume of

tracer to be applied; C1 is the concentration at the tile outlet (chosen to be 100 times

the natural fluorescence limit); and V1 is the volume of water already in the soil

profile, which is given by the following equation:

V1 (f)(A)(d) Equation (3.2)

Where f is the soil porosity (assumed to be 30%), A is the surface area of

application, and d is the depth to the tile line.
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3.2.4.4 Amino-G tracer characteristics

Amino-G tracer was purchased from: M/S DAYGLO COLOR CORP, 8/109

Jogani Indl.Complex,V.N., Purav road, chunnabhatti(e) mumbai 400 022, India

(tel : 91 22 5245801/02 fax: 91 22 5245803). The physical appearance of this

product was light bright yellowish and powdery like. Amino-G in solution

produces a bright blue fluorescence when expose to a fluorescent light (Figure

3.13).

A thorough investigation of the physical properties of this product was conducted

using soils from the study site (Cassidy, 2003). Among the analysis done were: (1)

solute adsorption to soil enabling the calculation of a retardation factor; (2) Photo

degradation of solution.

The results showed that Amino-G tracer could be characterized as a conservative

tracer in this type of soils with a retardation factor of1 and substantial photo

degradation at low concentrations within 2 hours of sunlight exposure.





3.2.5 Data collection protocols

3.2.5.1 Overview

For each experiment, the automatic tile water sampler was started during the first

hour of tracer application taking a single 250 mL sample every 10 minutes. After 3

hours, the program was changed to obtain a single 250 mL sample every hour. At

the end of each 24-hour cycle, the sample tray was replaced with a new one

containing a new set of sterile bottles and a new bag of ice was also added.

Samples 1 through 24 represented the 24-hour cycle. Samples were transported to

the laboratory within 5 minutes. 8 mL samples were stored in the refrigerator at 5

°C and analyzed for Amino-G concentrations within a month. E. coli samples were

analyzed immediately upon arrival. The laboratory was well ventilated with

central air conditioning, providing high standards of cleanliness in the work area

(Standard Methods, 1992).

The suction line was composed of a 9-foot 3/8-inch vinyl plastic tubing and a 15

feet long 3/4 inch PVC pipe (discussed on section 3.2.4.1 and 3.2.4.2). The total

suction line volume was calculated by combining the total volume in the vinyl

plastic tubing and the PVC pipe. The following equation was used:

= (IIT)(r2 )(L) ' (3.14 16)(0.Scm)2(274cm) 215cm3(mL)

= ([T)(r2 )(L) (3.1416)(0.75cm)2(495.3cm) 875cm3(mL)

Vtotai = (V11,11)+(V) lO9OmL

Since the volume of the sample tube was 1090 mL, corresponding to approximately

three sample bottles, this represented a 3-hour delay for each sample bottle
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collected. This relationship was used for the time correction (actual sampling

time). See enclosed disk for data on actual time and ISCO time.

Others factors involved in the time correction of the water samples were: (1) the

higher sampling frequency during the first hour of rain events and manure

applications; (2) the times during pausing and restarting the ISCO.

3.2.5.2 Samn1in forE. co/i

AOAC International and the U.S. FDA Bacteriological Analytical Manual (BAM)

define coliforms as gram-negative rods which produce acid and gas from lactose

during metabolic fermentation. Petrifilm plates have the ability to trap gas

produced by the lactose fermenting coliforms and E. co/i (3M, 2001). The Petrifilm

plates contain Violet Red Bile (VRB) nutrients, a cold-water-soluble gelling agent,

an indicator of glucuronidase activity, and an indicator that facilitates colony

enumerations. Most E. co/i (about 97%) produce beta-glucuonidase, which

produces a blue precipitate, associated with the colony (Figure 3.14). Coliform

colonies growing on the Petrifilm plate produce acid which causes the pH indicator

to make the gel color a darker red (Figure 3.14) (3M, 2001).

Since most E. co/i produce gas (about 95%) the AOAC® Official Methodssrn

(991.14 Coliform and Escherichia co/i Counts in Foods, Dry Rehydratable Film

Methods) was used for the interpretation of the plate colonies (3M, 2001). Blue to

red-blue colonies closely associated with entrapped gas (a distance greater than one

colony diameter between colony and gas bubble), regardless of size or intensity of

color, were enumerated as E. co/i (Figure 3.14). Other Coliform colonies were red

and associated with gas bubbles. The Total Coliform counts consisted of both the

red and blue colonies associated with gas (Figure 3.14) (E. co/i and other

Coliforms). Any colonies not associated with gas were not counted. Plates



containing Too Numerous To Count (TNTC) values have one or more of the

following characteristic: many small colonies, many gas bubbles, and deepening of

the gel color (3M, 2001). An example of progressive growth reaching TNTC

values is shown on Figure 3.15. A duplicate sample was taken to assure consistent

results. Figure 3.16 shows a duplicate sample showing similar counts. Plates were

counted at 24 +1- 2 hours for total coliforms and incubated again for an additional

24 +1- 2 hours for any additional E. coli counts. Petrifilm EC plates were counted

on a Darkfield colony counter from Quebec INC (3M, 2001).

Prior to the E. coli analysis, buffered water stock solutions were prepared. Stock

phosphate buffer solution was prepared by dissolving 34.0 g potassium dihydrogen

phosphate (KI-12PO4), in 500 mL reagent-grade water, adjusting to pH 7.2 +1- 0.5

with 1 N sodium hydroxide (NaOH), and diluted to 1 L of reagent-grade water.

Then, 1.25 mL stock phosphate buffer solution and 5.0 mL magnesium chloride

solution (81.1 g MgCl2 6H20/L reagent-grade water) were added to 1 L reagent-

grade water. A volume of 9 +1- 0.2 mL of the final stock solution was dispensed in

1 V2 inch glass tubes. Plastic caps were very loosely screwed and autoclaved.

Standard Methods for the preparation of the buffer solutions were used (American

Public Health Association, 1992). Each final bottle solution represented one

dilution factor.

Upon arrival at the Soil Physics Laboratory, each tile water sample bottle was

shaken and 1 mL was electronically pipetted into a Fisherbrand disposable culture

tube, borosilicate glass 13X100 mm, 9 mL capacity. Composite samples were

prepared by combining I mL each from a series of consecutive sample bottles. I

mL extraction from each sample bottle was sufficient for obtaining a representative









sample (Rockie Yarwood, personal communication, 3/25/02). During rain events

3-4 sample bottles were combined for one composite unit. During dry events, 4-8

sample bottles were combined for each composite unit. This gave more time

resolution during rain events when higher transport rates are expected while

reducing the overall cost and analysis time. A tray containing the composite

samples was taken to the adjacent Soil Biology Laboratory for microbial analysis.

Samples were placed on a vented laminar-flow hood, Edgecard Hood INC., while

the media plates and the buffer solutions were labeled (Figure 3.17).

A ready-made culture medium from the 3M Microbiology Products, model 3MTM

PetrifilmTM E. coli/Coliform Count Plate (Petriflim EC plate), was used for the

enumeration of E. co/i and Total Coliform bacteria. Composite samples were

thoroughly mixed in a Fisher Vortex, model Gene 2, and 1 mL of sample was

dispensed onto the center of the bottom film (Figure 3.18). In cases where further

dilution was required, the 1 mL of sample was dispensed into the pre-made 9 mL

buffered water stock solutions. The sample was mixed in the Fisher Vortex again

and I mL of the diluted sample was dispensed onto the center of the bottom film.

This procedure was repeated according to the number of dilutions per sample. After

the 1 mL of sample was dispensed onto the bottom film, the top film was slowly

rolled down, and a plastic spreader was placed on the center of the plate. The

sample was distributed evenly using a gentle downward pressure on the center of

the plastic spreader (Figure 3.19). The spreader was removed and the plate was left

undisturbed for at least one minute to permit the gel to solidify. The plates were

incubated at 37° +/- 1 °C for 48 +/- 2 hours in a horizontal position, with the clear

side up in stacks of up to 10 plates. The incubator was humidified weekly by

placing a large container with water in the incubator room. Humidifying was

necessary to prevent moisture lost from the plates (3M, 2001; American Public

Health Association, 1992).





Figure 3.18 Dispensing 1 mL of the composite sample into the center of the
E. coli film.





Two dilution factors were used during the entire experiment: 0.1, and 0.01. The

dilution factor was selected by examining the physical characteristics of the water

sample at the time of collection (smell and color), and by monitoring bacteria

growth in the Petriflim plates during the previous 24 hours. In addition, during rain

events when higher counts were expected, two dilutions of every other sample were

made to prevent loss of valuable data. The relationship obtained between the two

dilution factors provided useful information for estimating highly populated and

too numerous to count (TNTC) plates (Figure 3.15). This simplified the amount of

time for plate enumeration and provided more accurate counts. Bacteria counts

remained within the same dilution factor for most of each of the experiments and

only a few samples were designated as TNTC. Normally when bacteria counts

increased above the detection limit and were designated as TNTC, the dilution

factor was increased by one order of magnitude (0 to 0.1 or 0.1 to 0.01). Plates

containing more than 100 colonies were estimated by counting the number of

colonies in one or more representative squares and determining the average number

per square. The average number was then multiplied by 20 (the circular growth

area is approximately 20 cm2) to determine the total number of colonies per plate

(3M Microbiology, manual).

The following quality assurance protocols were used during the entire procedure.

Petrifilm plates were refrigerated upon arrival. Once pouches were opened, media

was sealed with adhesive tape and left in a cool dry place to prevent exposure to

moisture. Opened packages were used within a week. Electronic pipette tips were

sterilized by soaking them in a 5 M HC1 solution for 24 hours. Each pipette tip was

used for a single extraction to reduce cross contamination between samples. All

sample bottles from the water sampler were left in a 5% bleach solution for 24

hours. They were thoroughly rinsed three times with distilled water before being

taken back to the field.



3.2.5.3 Sampling for Amino-G

Testing for Amino-G was done using the same samples, and therefore the same

collection and sterilization protocol that was used for the E. coli test (Section

3.2.5.3).

Samples were protected from sunlight during sampling and field storage. Upon

arrival at the Soil Physics Laboratory, minimum light usage was maintained to

prevent tracer photo degradation. Each sample bottle was shaken and

approximately 8 mL were poured into a Fisherbrand disposable culture tube,

borosilicate glass 13X100 mm, 9 mL capacity, previously labeled. Samples were

stored in the refrigerator at 5°C and analyzed within a month.

A fluorometer from Turner Designs INC., model 1OAU, was used to determine

Amino-G concentration (Figure 3.20). The fluorometer was operated in cuvette

mode for discrete sampling, where only a small portion of a sample is required for

analysis. A 13mm round cuvette containing the sample tube was inserted into the

sample compartment (Figure 3.21) and the raw (relative) fluorescence value was

read on the home screen (Figure 3.20). Each sample tube was carefully wiped

clean prior to its insertion in the cuvette with the purpose of minimizing distortions

due to fingerprints. The discrete sample averaging capability was used to ensure

consistent readings. Both the pre-delay period and the averaging period were set to

15 seconds (the default value) to prevent warming of the sample. The fluorometer

was set to operate under the manual range using the discrete sampling technique for

best resolution (Turner design, 1998). The linear range of the fluorometer is 10

ppt to 0.5 mg/L. Concentrations higher than 0.5 mg/L were diluted until the

concentrations were within the desired range, to avoid error since high

concentrations can be underestimated, a phenomenon known as "concentration

quenching" (McCormick, personal communication, October 1, 2001).
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Using the proper light source and filters, a fluorometer is able to measure very

small amounts of fluorescent material in a sample. Appendix 3.2 describes how a

fluorometer works. Filters used on the fluorometer had the following wavelengths:

emission filter, 4 10-600 nm; excitation filter, 300-400 nm; reference filter >300

nm. An attenuator 1:5 was used for diminishing the strength of the light source.

Before each operation, a five-point calibration curve (Appendix 3.3) was generated

using known standards. This allowed us to convert the fluorometer reading into

solute concentration values in parts per million (mg/L) units.

3.2.5.4 Tile water flow measurements

An Ultrasonic Doppler flow meter with micrologger, model 6526B Starfiow from

Unidata Inc was used to obtain water flow measurements. The flow meter logger

was programmed for a Scan Rate (frequency of reading a signal) of 15 seconds

with the log program having a log interval (frequency of storing data) of 15

minutes. The parameters measured were:

Time of log

Maximum water depth

Maximum water velocity

Minimum water velocity

Average water depth

Average water temperature

Average Battery voltage

Average Water velocity

Average Analog voltage

Only average water velocity, average depth, average temperature, and average

battery voltage were used for data analysis. Water depth is measured by a pressure
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transducer recording the hydrostatic pressure of water above the instrument. The

temperature is measured using a relationship for the speed of sound in water.

Water velocity is measured acoustically by recording the Doppler shift from

particles and microscopic air bubbles carried in the water. When velocities fall

below the minimum detectable level (21 mmlsec) the flow meter can measure

signals that are not real values, usually represented by an increase in the signal

noise (Unidata, 1998). Figure 3.22 shows velocity data and the result of

undetectable low velocities recorded during the entire experimental period; it

includes all three velocity parameters (maximum, minimum, and average). These

"false" velocity readings were removed prior to data analysis. The flow meter data

logger requires no less than 11.5 V for successful data recording, and therefore it

was monitored routinely for battery status.

3.2.5.5 Climatological data

A data logging meteorological station from ONSET Computer Corporation,

consisting of a tipping bucket rain gauge (model RG1-M) and a radiation shield

(model Pro RH/Temp), was located 300 meter east and 50 meters north of the pit

(Figure 3.3). The station provided temperature and precipitation. Both the bucket

rain gauge and the radiation shield were each mounted to a wood post, clear of

over-head structures, and in a location of steady breeze to obtain maximum

accuracy (Figure 3.23). The rain gauge calibration was checked by pouring 373 mL

of water into the container at a constant rate for just over an hour. The total number

of tips was 103,just one tip over the optimum range for calibration. Each tip of the

tipping bucket represents 0.2 mm of rainfall. The accuracy is 1 %. The radiation

shield was programmed to record temperature data every 8 minutes. The accuracy

is +1- 0.33 °F. Wind speedldirection was provided through the Oregon Climate

service.
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Figure 3.23 Location of the installation of the rain gauge tipping bucket and
the radiation shield (temperature).
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3.2.6 Experimental procedure

3.2.6.1 Overview

The experiment was conducted in the spring of 2002. The experiment consisted of

three main experimental events. During the first experimental event (called

Manure-East), manure was applied east of the tile-drain main line. Rainfall was

depended on to trigger flow in the tile drain system. The second experimental

event (called Amino-G) consisted of an Amino-G application east of the tile-drain

main line. Rainfall was also depended on in this case to trigger flow in the tile

drain system. The third experimental event (called Manure-West) consisted of a

liquid manure application west of the tile-drain main line. OSU dairy irrigation

was used to trigger flow in the tile drain system. Each of these will be described in

more detail later. A flow meter was used to obtain the tile flow rate. Samples of

tile drain water were collected using an automatic collection system and analyzed

for E. coli and Amino-G concentrations.

3.2. 6.2 Schedule of experimental events

Timelines of experiments were adjusted to coincide with the manure application

and irrigation schedule of the OSU Research Dairy (Table 3.2).

Table 3.2 Schedule of experimental events for the large scale site.

Experimental
Events

Date of Tracer
Application

Tile Water
Sampling

Period

Location of Manure
or Tracer

Application
Manure-East 4/4/02 12:00 PM 4/4/02 6/2/02 East half of field site

Amino-G 5/13/02 11:30 AM 5/13/02 6/2/02 East half of field site
Manure-West 6/3/02 PM 6/3/02 6/16/02 West half of field site
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3.2.6.3 Description of experiments

3.2.6.3.1 Manure-East

Dairy cow manure from the liquid manure storage tank at the OSU Dairy Unit was

surface applied to the southeast portion of the study site (Figure 3.24) using the big

gun spreader. The total area covered was approximately 7200 square meters, 60

meters (196.8 ft) on the east-west direction and 120 meters (394 ft) in the

north/south direction. The gun spreader was positioned 60 meters north and 30

meters west of the southeast corner of the study site. After 2 hours, the gun

spreader was moved an additional 30 meters north to cover the second half of the

application area. The application rate was approximately 3.81 cm (1.5 inches) per

hour. A total of approximately 7.62 cm (3 inches) were applied to the study site.

Precipitation, air temperature, and tile water temperature data were collected

continuously. Tile water samples were collected every 15 mm immediately after

application, for 2 hours, then every hour for 60 days.

A number of random precipitation events occurred after manure application, with a

frequency of 1 to 9 days apart (Figure 3.29).



Figure 3.24 - Manure-east application area. (A) application area, (B) system used for liquid manure application during
the experiment.
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3.2.6.3.2Amino-G Tracer Experiment

Data from the Gradient Magnetometer survey maps (Rogers, 2003) were used to

determine the exact location and extent of specific tiles. Three tiles were selected

which had previously received manure application during the Manure-East

Experiment. The lengths of the selected tile sections were 28, 66, and 47 meters,

shown in Figure 3.25 as tiles A, B and C, respectively. Three days prior to the

tracer application, a high-weeder lawn mower was used for cutting the grass above

the tile strips to allow sprayer access.

A custom made spreader was used to spread Amino-G on the soil surface above

selected drain tiles. The sprayer (Figure 3.26) consisted of a pressure tank on

wheels with two sprayer pipes (2.6 meters long) extending horizontally to the sides.

Each sprayer pipe had 3 sprayer nozzles spaced 0.5 meters (20 in) apart. The

nozzles generated an oval spray pattern. The spray pattern had a total footprint of

2.6 meters (8.7 ft). The two outer nozzles were plugged to narrow the application

footprint to 1.5 meters (4.9 ft). The spreader was maneuvered by gently pushing it

from behind (Figure 3.27). Total area of application was 211.5 meters square, 141

meter (long) by 1.5 meters (wide). A total of2l 1.5 liters were applied for an

average of 1 mm height of application. The tracer was mixed at the field by

pouring 3.18 liters of a pre-made concentrate (19375 mg/L of Amino-G) into the

14-liter sprayer tank and mixing it with 10.82 liters of water. The final application

concentration was 4400 mg/L. A full sprayer covered a distance of 9.3 meters for a

coverage rate of approximately 1.5 meters per liter. Weather conditions during the

Amino-G application were cloudy with showers.







Figure 3.27 - Amino-G application. Spraying over one of the tiles sections.
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Precipitation, air temperature, and tile water temperature data were collected

continuously. Tile water samples were collected every 15 mm immediately after

tracer application, for 2 hours, then every hour for 20 days.

3.2.6.3.3 Manure- West Experiment

Effluent from the liquid manure storage tank was surface applied to the west side of

the study site (Figure 3.28). The effluent was applied using the big gun spreader.

The total area covered was approximately 9.6 acres, 130 meters on the east/west

direction and 300 meters in the north/south direction (Figure 3.28).

Irrigation started one week after the manure application. The site was irrigated for

a period of 74 hours (6/10/02 14:18 to 6/13/02 16:30). The OSU dairy used a

wheel sprinkler system and occasionally a big gun for irrigation. The irrigation line

was positioned north-south, parallel to the main tile drain (main line). Irrigation

began approximately 200 meters west of the tile drain, moving approximately 20

feet east every 24 hours. The total irrigation area covered by the sprinklers at one

time was approximately 80 meters (north/south direction) by 20 meters (east/west

direction). The irrigation rate was approximately 0.9 cmlhr.

Precipitation, air temperature, and tile water temperature data were collected

continuously. Tile water samples were collected every 15 mm immediately after

application, for 2 hours, then every hour for 15 days.



Figure 3.28 - Manure-West experiment. (A) application area, and (B) method ofliquid manure application during
the experiment.
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3.3 PRESENTATION OF DATA AND DISCUSSION OF RESULTS

3.3.1 Tile flow response to precipitation and irrigation

The tile flow showed rapid response to both rainfall and irrigation events (Figure

3.31). Cumulative precipitation not only shows the instantaneous time when

droplets hit the ground but also shows the intensity of the precipitation indicated by

the slope of the curve. Daily precipitation only shows the total precipitation for a

given day without indicating when exactly the precipitation events occurred (Figure

3.29). The first observed increase in drain flow occurred on 4/5/02 approximately

18 minutes after a rain event (Figure 3.32). Tile flow velocity peaks of up to 160

mm/sec occurred in the early periods between 4/9/02 and 4/15/02 in response to

long extended high intensity rain events were prevalent (Figure 3.30 and Figure

3.33). Maximum flow velocities occurred on 6/1 0/02 during the irrigation event,

reaching flow velocities of up to 190 mm/sec (Figure 3.31). During periods of low

intensity rain (5/5/02 and 5/14/02), represented by a low slope of the cumulative

precipitation curve, there was not apparent tile flow. These periods are associated

with long antecedent periods of drought (7-8 days) thus it can be hypothesized that

most of the rainwater was retained in the soil with possibly only a small portion

transported to the tile drain and therefore was not capable of triggering the flow

meter. Notice that a high intensity precipitation event on 5/17/02, after this dry

period, was able to trigger the flow meter immediately (Figure 3.31).
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3.3.2 Tile water head response to precipitation and irrigation

In addition to the flow velocity, the tile water pressure head data from the pressure

transducer in the flow meter provided useful information on both the height of the

water table and the initial tile flow response in events where tile water velocity was

below the minimum detection limit of the flow meter (Figure 3.31). Figure 3.33

and Figure 3.30 show that pressure transducer detected an increase in pressure

within the tile approximately one hour before the flow meter was triggered for the

first time. Head pressure data showed a rapid response to both precipitation events

and irrigation events (Figure 3.31). In addition, head pressure showed the periods

of water table drawdown after a rain event and the initial water table inflation

following precipitation events.

Depending on the intensity and the duration of the precipitation events, the peaks of

both the tile flow velocity and the head pressure emerged 18 to 60 minutes after

precipitation events ceased. The flow velocity and the head pressure also appeared

to be triggered approximately 30 to 60 minutes after rain commenced or after 1 to

3.5 mm of rain. Overall the head pressure appeared to be triggered slightly sooner

than the flow velocity.
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3.3.3 Effect of antecedent precipitation on tile water flow

Soil matric potential data was obtained from tensiometers installed at the adjacent

field plot study site (discussed in section 4.2.4.2), with a similar soil type. Data is

valid for the large-scale site up until the irrigation event.

Figure 3.34 and Figure 3.35 show the matric potential data from the four-

tensiometer nests at three different depths for the entire experimental period. The

two shallowest tensiometers (20 and 35 cm) respond readily to precipitation events.

The tensiometer at 65 cm shows the soil just above the tile drain is near saturation

until about 5/11/02. The water table is seen to drop steadily after that day as

indicated by the steady drying of the deepest tensiometers. Variability between

lysimeters is indicative of soil heterogeneity that can be expected at the plot and

field scale. Delay time in wetting pattern between tensiometres at 20 and 35 cm

depth (west nest) indicates the rate of movement of the wetting front through the

matrix to be about 10cm per day at 4/11. As subsequent precipitation events

occurred, tensiometer responses to precipitation were consistently faster (1 day).

This suggests that antecedent precipitation promoted faster solute transport rates.

At the end of the precipitation period, all tensiometers reached near saturation

levels and remained constant for approximately 3 days (4/16-4/19) before

decreasing again. Matric potentials decreased consistently during the following

drought period (4/17-5/17), during which only one low and one average intensity

rain event occurred.
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The response time was 5 to 7 days for the first rain event and approximately 1 day

after the second one, this was expected since hydraulic conductivity increases with

moisture content. The rate of movement of the wetting front can be measured by

noting the time difference at which tensiometers at 20 and 35 cm reach saturation.

For example, 20-cm tensiometers in the west and north nest increased abruptly

from 72 KPa to nearly saturation levels (-10 KPa). Approximately 13 days later

(5/17) the 35-cm tensiometer from the West nest, increased abruptly, reaching

saturated condition (0 KPa), shortly after a precipitation event. A similar increase

was observed on the 35-cm tensiometer of the East nest. Differences in response

among tensiometers at same depth can be explained as follows. While most of the

rain water might enter the soil matrix, a small amount of rain water might also enter

macropores causing lateral wetting from the walls of macropores into the soil

matrix. This pre-wetting process of the soil horizon at higher depths might enhance

the matrix flow at greater depths. The differences in matric potentials from

different tensiometers at the same depth might be explained by this process.

Another explanation for this process would be that different tensiometers at the

same depth are affected by soil horizon heterogeneity, that is, the tips of the

tensiometers are resting in different soil horizons.
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3.3.4 Manure-east experiment

Both E. co/i and Total Coliform peaks closely followed precipitation events and

increases in drain flow during all the studied period (4/7/02,4/14/02, 4/27/02,

5/17/02, 5/21/02, 5/29/02) (Figure 3.36 and Figure 3.37). Peaks of bacterial

concentration following precipitation events indicated the presence of active

macropores in the system. This was also confirmed by a later study at the site in

which a brilliant blue tracer was surface applied and the spatial structure of the

preferential flow pathways were mapped. During excavation many worm

(Lumbriscus Terrestris) channels were observed. Several studies have found that

vertically oriented burrows, such as those of Lumbriscus Terrestris. can function as

primary flow conduits and potentially transport rapidly surface applied chemicals

through the soil profile (Edwards et al., 1992a,1992b; Stehouwer, 1994; Shipitalo

et. al, 1990; Kung, 1990). In addition, earthworm burrows have been found to be

more numerous in the backfill around tile drains and can be hydraulically

connected to the drain (Shipitalo, 2000).

The first E. co/i peak occurred on 4/7/02, following the first precipitation event

after liquid manure application, resulting in a peak concentration of 340 CFU/mL.

E. co/i populations increased overtime as tile flow increased (4/6/02- 4/8/02,

4/13/02-4/15/02). Depending on the intensity and the length of the precipitation

events, E. co/i decreased substantially and in some cases to background levels (0-2

CFU/lOOmL) 1 to 2 days after precipitation ceased. For example, a heavy rain

event on 5/20/02 resulted in the highest peak concentration of 41,000 CFU/lOOmL.

Approximately four days after the rain ceased, E. co/i counts decreased to 10

CFU/lOOmL. In cases where precipitation events were fairly constant, in close

proximity to each other, E. co/i levels remained above the background levels at all

times (4/4/02-4/16/02 and 5/15/02-6/2/02) (Figure 3.36 and Figure 3.37). This

suggested that water and tracer movement through the soil profile remained active
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as precipitation continued. In addition, E. coli population appeared to be

consistently higher during the second period of closely spaced precipitation events

(5/15/02-6/2/02) (Figure 3.38) when compared to the first extended period of

precipitation events (4/4/02-4/16/02). This suggested that part of the applied

effluent was stored in the soil and was not transported to the tile drain until

subsequent precipitation events occurred. It's possible that the effluent was

retained in the walls of macropores, such as worm burrows. Stehouwer (1994)

found higher retention of solutes in worm burrow lining than in bulk soil,

indicating that the lining material may significantly retard solute transport during

preferential flow events. In addition, he found that the differences in sorption

between the worm burrow and the bulk soil occurred throughout the soil profile

with the largest differences occurring in the 10 to 20 cm depth. It is at this depth

where large quantities of effluent might be retained after surface application.
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Another explanation for the significantly larger amounts of bacteria found during

the second period of constant precipitation events is that bacteria growth might

have taken place in the soil during the period of low-intensity non-constant

precipitation events (4/19/02-5/15/02) (Figure 3.39). During this period ideal

conditions for bacteria growth were observed. Soil moisture conditions (discussed

on section 3.3.2) appeared to be steady near saturation at a depth below 65 cm

(Figure 3.35) and occasionally 35 cm (Figure 3.34), providing ideal conditions for

survival (Ogden et al., 2001). Based on the soil moisture data (previously

discussed) it can be hypothesized that by the time dryer conditions occurred near

the surface, some of the E. coli had already traveled through the soil matrix to a

depth of at least 65 cm. Both atmospheric temperature as well as tile water

temperature appeared to also have an effect on the population ofE. coli. Peaks of

tile water temperature, ranging from 12.5°C up to 14.5 °C, followed peak

concentrations ofE. coli during the periods of 4/14, 5/17, 5/21, 5/28, and 5/29

(Figure 3.40 and Figure 3.41). Peaks of tile water temperature appeared to be a

result of rainwater (warmer than soil-water) moving through preferential pathways

to the tile drain during precipitation events, providing further evidence of

preferential flow. The average surface temperature increased steadily during the

entire study period, from approximately 10 °C on 4/3 to 12.5 °C on 6/2 (Figure

3.40). Higher E. coli concentrations during the second period of constant

precipitation events (5/15/02-6/2/02) might have been a result of warmer

temperatures during this time of year. These results suggest that ideal temperature

conditions and soil moisture conditions may have contributed to the high

populations ofE. coli found during this second period.



Peaks of tile water temperature provided evidence of preferential flow during

precipitation events. Correlation between tile water temperature peaks and E. coli

peaks is a stong indication that the E. coil is transported to the tile drain via

preferential flow. In addition, antecedent soil moisture and higher temperatures

appeared to provide optimum conditions for E. coli growth.
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3.3.5 Amino-G experiment

Four high intensity rain events occurred during the studied period, producing four

separate distinctive Amino-G tile flow pulses (5/18/02, 5/21/02, 5/28/02, and

5/29/02) (Figure 3.42). Peak concentrations of Amino-G were found after

precipitation ceased. This was the same pattern observed by Jaynes (2001) where

the concentrations peaked about 12 hours after tile discharge had reached its

maximum rate and was in recession. Jaynes suggested that this was a result of the

distance required for the solutes to travel from the surface to the tile drain (1.2

meters). This is the same tile depth of the Amino-G application field.

The first peak of Amino-G tracer (0.007 mg!L) occurred on 5/18/02 approximately

19 hours after precipitation ceased. Amino-G peaks appeared to arrive sooner to the

tile drain outlet with subsequent precipitation events. For example, on 5/27/02

Amino-G peaks (0.011 mg/L) were found at only 14.5 hours after precipitation

ceased and on 5/28/02 Amino-G peaks (0.13 mg/L) were found at 9.5 hours after

precipitation ceased (Figure 3.42). These results not only showed evidence of

preferential flow but also suggest that tracer transport along the preferential

pathways became increasingly faster. An explanation for this is that water and

tracer movement through the preferential pathways increases as precipitation

progresses (Kung et al., 2000).

In addition to this, Amino-G peak concentrations increased over time with

subsequent precipitation events. Soil moisture data may suggest that the Amino-G

pulse from the tracer application might have reached the tile drain, contributing to

higher concentrations at the tile, thus a combination of both preferential flow and

matrix flow resulted in higher concentrations over time.



Each rain event was immediately followed by a significant decrease in Amino-G

concentration (5/20, 5/27) prior to the arrival of the breakthrough curve, suggesting

that clean water downstream of the tracer-applied tiles was arriving earlier than the

Amino-G pulse (as expected), producing a back flushed effect. In spite of the

narrow strip area of tracer application and the potential for tracer dilution from

other tile laterals, the Amino-G was still found at the tile outlet and provided useful

information on both the transport characteristics and the connectivity between the

tile laterals and the main line.

Some of the differences between the tracer concentration applied and discharged by

the tile may be attributed to seepage to groundwater below the tile and tracer

dilution. Bergstrom (1987) reported that considerable amounts of water might

percolate past the drainage system in tile-drained plots.

Both E. coli and Amino-G peak concentrations arrived at the tile drain at

approximately the same time (

Figure 3.43), in spite of the significant greater retardation factor that would be

expected for E. co/i. This supports the findings of Kung et al. (2000) and

Stehouwer et al. (1994) who found that preferential flow paths dominate the initial

phase of the solute transport, regardless of the retardation properties of the solute.
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3.3.6 Manure-west experiment

Tracer transport into the drains appeared to be event-driven by precipitation, with

peak concentrations of bacteria occurring shortly after a single precipitation event

(6/8/02) and during an irrigation period (Figure 3.44). The precipitation event

consisted of a total of 8 mm of rain over a 10-hour period. Drain flow began

approximately three hours after the start of the precipitation event (indicated by the

head pressure data) while the peak flow was observed towards the end of the

precipitation event. Both E. co/i and Total Coliform concentrations increased

abruptly approximately 3.5 hours after the initiation of rain (4,000 CFU/lOOmL to

150,000 CFU/1 OOmL). E. co/i concentrations remained above the USEPA

standards for most of the remaining period (6/9-6/14). The E. co/i trend during this

period is shown on Figure 3.44. Figure 3.45 shows the E. co/i trend on a log scale

for the purpose of enhancing the period prior to precipitation (low concentrations of

E. co/i). The irrigation event occurred during the period 6/10/02 2:18pm to 6/13/02

4:30pm. This event produced the highest peak in E. co/i concentration (1,200,000

CFU/1 OOmL). This suggests that an extended period of constant irrigation at a rate

of 1 cm/hr under antecedent soil moisture conditions (precipitation) may result in

rapid transport of high concentrations of tracer via preferential flow in the tile.

Both atmospheric temperature as well as tile water temperature showed similar

correlation to E. co/i transport as during the Manure-east experiment. The first

peak of tile water temperature occurred towards the end of the precipitation event

on 6/8 (Figure 3.46), suggesting that rain water (warmer than soil water) moved

very rapidly through preferential pathways to the tile drain. During the last half of

the experiment tile water temperature remained relative higher (13.2 °C to 14.5 °C),

this increase was also associated with the irrigation event and the surface

temperature. Surface temperature also seemed to mimic the E. coli behavior during

the last batch of the irrigation period (6/12/02-6/15/02). Surface temperature
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increased steadily during the entire experiment as a result of seasonal variation

(12.5°C to 14.5 °C).

It appears that the significant increase in soil moisture from the precipitation event

and the irrigation event and warmer temperatures may have contributed to the high

populations ofE. coli during the last lap. In addition, a new fresh application of

effluent over a larger area not only might have contributed to higher background

levels of E. co/i in the soil but also it might have contributed to higher bacteria

growth, providing more organic matter to the soil amendment. This type of soil is

already high in organic matter, soil nutrients, and clay content, three main

characteristics that have shown to promote E. co/i survival (Mubiru, 2000).

Furthermore, manure applications can result in the creation of new preferential

pathways through greater biological activity. Curry (1976) reported that

applications of slurried animal wastes to soils can further increase the amount of

food available to earthworms and have been shown to increase earthworm

populations up to 53%. In addition, "earthworm burrows can continue to function

as preferential paths, unlike cracks, which can close under wet soil conditions"

(Shipitalo, 2000, 1996).

This experiment supported the findings of the Manure-east experiment in which

both soil moisture and temperature appeared to be important contributors for

bacteria survival. High bacteria populations were also seen at the tile drain after

both the precipitation event and the irrigation event, suggesting that non-

equilibrium sorptionldesorption along the walls of the macropores are responsible

for the high concentrations of effluents found at the tile drain (discussed on the

previous sections). These results also suggest that constant irrigation for a period

of several days might have an impact on the transport processes of surface applied

effluents, providing potential leaching of high populations of bacteria to the tile.
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3.4 CONCLUSIONS

Both tracers, bacteria (E. co/i and Total Coliform) and Amino-G, were detected in

the tile drainage shortly after each precipitation or irrigation events. The highest

peak concentration ofE. co/i was observed to be 41,000 CFU/lOOmL in the

Manure-east experiment, and 1,200,000 CFU/lOOmL in the Manure-west

experiment. This represents E. coli levels of 102 times and 3,000 times the USEPA

standards for surface water, respectively. Because most tile drainage is discharged

to streams, contamination with E. co/i represents a risk to surface water quality.

These elevated concentrations of E. co/i might be attributed to the characteristics of

the soil's high organic matter and strong structure, providing optimum conditions

for both survival and transport. Jamieson et al. (2002) reported that E. co/i survival

appears to be greatest in organic soils under flooded conditions.

In addition, E. co/i transport through the soil and into the drains demonstrated to be

event-driven by precipitation events. E. co/i counts were significantly higher after

precipitation events ceased. Amino-G showed the same general response, in spite

of the potential for dilution and the small size of the tracer application area relative

to the drainage area.

The elevated bacteria populations found at the tile drain after precipitations events

during both experiments suggest that not only bacteria growth might be occurring

in the soil during periods of antecedent moisture, but also that bacteria might move

very rapidly to the tile drains through preferential pathways during periods of

precipitation or irrigation. The ability of bacteria to be transported to tile drains

with each subsequent rain event can be explained by the mechanism of non-

equilibrium sorptionldesorption phenomenon along the walls of macropores

(previously discussed).
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In addition, the characteristics of this type of soil the high clay content, the well-

defined structure, the high level of organic matter and rich biological activity (all

commonly present in most of the Willamette Valley) appeared to enhance the

preferential pathways and transport processes in the soil profile, resulting in rapid

transport of surface applied solutes and effluents to tile drains. These results also

demonstrate that periods of prolonged constant irrigation following manure

application can have a profound impact on the tile water quality and consequently

surface waters.

The concentrations of both tracers were relatively higher than the expected values

predicted from the calculations of the dilution rate and expected tracer biological

degradation through the matrix, indicating preferential flow. This is important

since E. coli concentrations in the tile drain exceeded the USEPA standards for

surface water for most of the studied period. Amino-G concentrations increased

over time with subsequent precipitation events. These results differ from those

found by Gentry (2000) in which the first event flushed the tracers through the soil,

depleting the leachable pool, and resulting in lower concentrations for each

successive event. It is possible that the reason for consistently higher

concentrations at the tile outlet in this study is attributed to non-equilibrium

sorptionldesorption along the walls of the macropores (discussed on section 3.3.4).
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4 CHAPTER 4 SMALL SCALE

Lfe would be much simpler f it was homogeneous, yet how dull.

4.1 INTRODUCTION

A small-scale study site was selected to quantify more accurately the percent mass

that was transported to the tile drain. The extended area of drainage and total mass

of surface applied chemicals were well controlled, providing maximum accuracy

for determining the total mass transported to the tile drain. This was done by

running a series of tracer application experiments followed by a period of irrigation

and tile water sampling.

4.2 MATERIAL AND METHODS

4.2.1 Site description

The study area is located at the University Sheep Research Center, 0.6 Km west of

the Oregon State University campus, Corvallis, Oregon (Figure 4.1). The

Universal Transverse Mercator (UTM) projection coordinates are 476956E,

4934742N. The soil was formed in mixed alluvium on the Willamette Valley

terraces at an elevation of 251 ft. The parent material is fine alluvium over

lacustrine deposits. The slope is approximately 2 %. Average annual precipitation

is 40 to 45 inches, average annual air temperature is 52 to 54°F, and the frost-free

season is 165 to 210 days. (USDA, 1975). The soil in the plot is somewhat poorly

drained which has similar drainage characteristics to most of the soils on the

Willamette Valley in Oregon. The presence of concretions and nodules (mottles)

throughout the soil profile suggests the prior existence of a wetlands (Vepraskas,

1999).



Figure 4.1 - Study site location



The presence of the surface horizon (Ap) indicates that the area surrounding the

soil pit has been under human management for long periods of time. The land is

currently used for pasture/ruminant grazing. The Sheep Center holds about 100

sheep annually. The vegetation is pasture grass: fescue and annual rye.

The field site is located immediately north of a soil pit. The pit was dug across an

agricultural drain tile, severing the tile and allowing access for instrumentation. The

experimental site consisted of a 17 X 34 meter square irrigation plot, within which

was a 2.8 X 2.8 square meter study plot, to the north of the soil pit and upstream of

the soil water gradient. The study plot was centered above a single subsurface

drainage tile. Experimental plot dimensions and orientation are shown on Figure

4.2.

The time of the tile drain installation is uncertain. According to Fred Price, the

person responsible for the installation of the adjacent tile system, Chinese engineers

installed the tile drains after the Second World War II. However, a remote map of

Oregon State University was found revealing the overall arrangement of the tile

system. The map shows a parallel arrangement for this part of the field. The tile in

case seems to be one of a series of tile laterals that run in the northlsouth direction

and drain into a main line (Figure 4.3).
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case.
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The pit was dug in either 1996 or 1997 (Herb Huddlestone, personal

communication, 01/20/01) and one tile was inadvertently severed. During this

project, the upstream and downstream sections of the severed tile were connected

to reduce pooling in the pit during winter. However, because of a locally high

water table, regular pumping of water from the pit was still required during winter

months.

4.2.2 Soil physical properties

According to the Benton County Soil Survey, the soil at this location falls under the

Amity series. Dr. Herb Huddleston at Oregon State University felt that the pit was

most likely an inclusion of Dayton soil. The Dayton description is nearly identical

to the soil characteristics observed in the pit. A complete soil profile description

was conducted from the north wall of the pit. A complete soil description can be

found in the results section (Section 4.3).

4.2.2.1 Texture analysis

Soil texture analysis for each horizon was conducted using the hydrometer method

(Klute, 1986). Exact procedures and data are shown in Appendix 4.1.

This method is based on Stokes Law, which states that the settling velocity of a

particle in a viscous fluid is directly proportional to the diameter square of the

settling particle by the following equation.

v=
d2(pp)g

1 8i
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where v is the settling velocity, d is the mean particle diameter, Ps is the density of

the particle, PL is the density of the fluid, g is the gravitational constant of

acceleration, and il is the dynamic viscosity of the settling solution.

Stokes equation can also be cast in terms of the time needed for a particle to settle

through the solution.

=
181h

d2(pp)g

The hydrometer calculates the mass of soil that remains in suspension at various

time intervals by measuring the depth that a calibrated glass ball sinks. The

hydrometer used in this experiment was calibrated to determine grams of soil in

suspension per liter of water (g U1) at a water temperature of 20 °C using an initial

soil sample mass of 60 grams (dry soil). Corrections were required to adjust for

actual water temperature and the background density of the water solution.

Soil texture was calculated from the percentage of soil remaining in suspension

(Percent Finer) at 40 seconds and 120 minutes. The reading at the end of 40

seconds represented the amount of silt and clay in suspension. Therefore the

percentage of sand was determined by subtracting the percentage in suspension at

40 seconds from 100%.

%sand = 100%
Osec

The percent of clay was determined at the end of the 120 minutes.

%clay = '2Osec

Lastly, the percentage of silt was obtained by the difference between the 40 seconds

and 120 minutes measurements

%silt = 100% %sand %clay



104

The Percent Finer of soil was calculated from the hydrometer reading using the

following equation:

P = xl00%
w

where, P is the percentage of soil remaining in suspension (percent finer), W is the

weight of total oven-dried soil sample (60 grams), and R is the hydrometer reading

after calibration.

4.2.2.2 Particle size distribution

The same procedure that was used for the textural analysis can be used to develop a

particle size distribution. Stoke's Law can be recast in the following form showing

continuous function that expresses the relationship between particle size and

settling time.

/ \l/2

d-1 18Iu
tg(pspf)

4.2.2.3 Bulk densit

A soil core sampler, Model 0200, from SoilMoisture Equipment Corp., was used

for obtaining undisturbed soil cores from each soil horizon. This soil sampler has

the advantage of collecting the undisturbed soil samples directly into a brass

cylinder, providing ease of analysis and greater accuracy of measurements.

Vertically oriented soil cores were removed, sealed to prevent evaporation and

taken to the laboratory for analysis. See appendix 4.2 for the procedure used

during soil cores extraction.
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4.2.2.4 Hydraulic conductivi

The same undisturbed soil cores used for the bulk density analysis were used for

saturated hydraulic conductivity. The undisturbed soil cores (length, L = 3 cm and

cross-sectional area, A = 22:9 cm2) were placed in a Tempe Cell (soil core

compatible), model 1400, from SoilMoisture Equipment Corp. The top part of the

tempe cell was reattached and the wing nuts were tighten. Round nylon mesh

screens discs were used to prevent soil loss from the core during the experiment.

Mesh screen was used to sufficient to keep soil in but not restrict flow. Once the

soil cores were placed in the Tempe Cell, they were saturated with CO2 gas for a

24-hour period to replace soil oxygen. Then, the soil cores were saturated with

degassed water by capillary and purged for some time to allow dissolution of any

CO2 bubbles in the soil.

The experimental set-up is shown in Figure 4.4. The experimental procedure

consisted of a Constant Head Permeameter set up using a Mariotte bottle technique

to maintain constant head. The head reference location is the bottom of the air

inlet tube of the Mariotte bottle. Measurements were taken 5 minutes after

removing the clamp from the soil core outflow tube. An average flow rate was

determined by collecting a given volume of effluent into a volumetric graduated

cylinder, and dividing it by the time taken to collect it. The averages of five

measurements from each soil core (soil horizon) were calculated.
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Figure 4.4 - Hydraulic conductivity experiment. Experimental set up.
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4.2.2.5 Soil moisture characteristic curve

The Soil Moisture Characteristic Curve, also known as Soil Water Release Curve,

displays the relationship between soil matric potential and soil water content. A

pressure plate, model 1500 3 Bar Pressure Plate Extractor, from SoilMoisture

Equipment Corp., was used for generating the soil moisture characteristic curve.

A known mass of ground soil (based on the bulk density of each soil horizon) was

placed and compacted into each brass cylinder. The bottom of the cylinder was

covered with cheesecloth held by a rubber band, for the purpose of retaining the

soil in place and assuring good contact between the ceramic plate and the soil core.

The procedure used follows the standard procedure for Soil Water Release Curve

indicated in the Methods of Soil Analysis (Klute, 1986).

Weights of cylinder, cheesecloth, and rubber band were previously recorded for

mass balance. In addition, a control sample consisting of an empty brass cylinder

with cheesecloth was used. The ceramic plate was saturated in a vessel with water

and placed in the pressure plate. Then, the soil core samples were set firmly in the

ceramic plate so as to make a good contact between the ceramic plate and the

bottom of the soil core. The lid was closed and clamped tight. Then, the pressure

regulator was adjusted until the pressure gauged reached the desired level. The

samples remained in the chamber until they equilibrated and no water was coming

out of the outflow tube (approximately one week). After equilibration, the air

compressor was unplugged and the gas pressure released. Finally the pressure plate

was opened and the samples were weighed.

Samples were taken to three pressure values; -33.5, -100.7, and -171.7 kPa. At the

end of the experiment, the samples were oven-dried to determine the mass or dry

soil from which the bulk density and the moisture released at each matric potential



could be calculated. Laboratory data is included in the enclosed CD, and the

resulting curve is shown in the Results Section (Section 4.3).

4.2.3 Experimental design

4.2.4 Overview

The total percent mass of surface applied solutes migrating to the tile drains is not

known for this type of soil. It has been found that in some soils less than one

percent of surface applied chemicals or effluents will move preferentially to tile

drains (Kladivko, 1991; Jayachandran, 1994; Gentry, 2000; Geohring 1999). These

are highly structured soils and it was suspected that the percent mass transported

may be higher. The objective of this project is therefore to quantitatively determine

both the transport rate and the total mass of surface applied chemicals migrating to

tile drains via preferential flow. Bypass mechanisms would deliver chemicals to

the tile drain without the ameliorating benefit provided by time and natural soil

biological activity that would reduces the concentrations below U.S. Environmental

Protection Agency standards.

A conservative fluorescent tracer, Amino-G, was selected for its low detectability,

and ease and low cost of analysis. The advantage of the Amino-G application is

that exact application amounts could be controlled allowing calculation of mass

balance. The main disadvantage of this tracer is that it moves dissolved with the

water and does not mimic retention characteristics of other chemicals or colloids.

Although Amino-G tracer has not been widely used, prior research indicates the

retardation factor of Amino-G is - 1. See section 4.2.4.10 for Amino-G tracer

characteristics and its validity as a conservative tracer.
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Running the experiments during the summer provided more flexibility in

controlling soil moisture conditions during the experiment as well as a locally low

water table through the first phase of the experiments allowing manual and more

accurate measure of the initial low flow rates and tile effluent concentrations. Later

experiments required the use of a flow meter which had limitations in detecting the

lowest flow rates.

4.2.5 Installation of equipment

Lysemeters and tensiometers were intalled to track soil moisture and to sample

soil water for tracer that was moving through the matrix. Four nests of lysimeters

and tensiometers were installed. Each nest consisted of three lysimeters and three

tensiometers for a total of 6 devices per nest and a total of 24 devices in the plot.

Each instrument within a nest was installed 4 inches apart from any other in a

circular arrangement (Figure 4.5). Lysimeters and tensiometers of same depth were

installed next to each other. Piezometers were used for measuring the shape of the

water table away from the tile drain.

A removable tile connector was used to connect the upgradient and downgradient

portions of the severed pipe. This was used to prevent water from filling the tile

access soil pit during the early stages of the experiment, as well as to permit

collection of effluent from the tile once the water table in the soil pit rose above the

level of the tile. Flow meter and water sampling tube were installed inside the tile

connector fitting to allow measurement of flow rate and to sample tile effluent for

tracer analysis. A portable garden sprinkler system was installed to simulate

precipitation events and control soil moisture in the study site.
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4.2.5.1 Lvsimeter: Installation rrocedure

The lysimeters used were purchased from Soil Moisture Corporation, model 1900

Soil Water Sampler, the air entry value of the porous ceramic cup is 0.5 bars (50

KPa).A 2-¼ inch diameter bucket auger was used to core holes to depths of 20 cm,

35 cm and 65 cm. The soil taken out with the auger was carefully removed in the

sequence that it was brought up. Then the soil from the bottom was dried out,

ground and sifted through a 2mm mesh screen. A mixture of silica powder with

water was made to create sluny, which had the consistency of cement. The slurry

was then poured down to the bottom of the cored hole to insure good soil contact

with the porous ceramic cup. Immediately after the slurry was poured the lysimeter

was dipped into the silica mixture and then pushed down into the cored hole so that

the porous ceramic cup was completely embedded in the slurry. Finally, the

remaining area around the lysimeter was backfilled with the sifted native soil,

tamping the soil firmly to prevent surface water from running down the cored hole.

In addition, a small amount of wet bentonite was placed around the lysimeter in the

upper 3 inches, to prevent surface water from running down the cored hole.

Suction lysimeters require a vacuum pump to be used to reduce the air pressure

inside the lysimeter (Figure 4.6). Soil water then, is naturally drawn through the

porous ceramic cup in response to the negative pressure (vacuum) inside the

sampler. Soil water movement is very slow. Lysimeters were vacuumed to 50

KPa 4 hours before irrigation started.
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Figure 4.6 Lysimeter vacuum pump during vacuum of one of the lysimeters.
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4.2.5.2 Tensiometer: Installation procedure

A 15/16-inch OD soil auger was used to core holes to depths of 20 cm, 35 cm and

65 cm. The same installation procedure was used as described for the lysimeter

installation. After the tensiometers were in place, they were filled with tap water to

V2 inch below the top and allowed to come to equilibrium. The tensiometers

needed to be refilled with tap water routinely during the summer.

4.2.5.3 Piezometer installation procedure

Piezometers were used for measuring the shape of the water table away from the

tile drain. Measurements were made towards the end of the third experiment

(Automatic Sampling Experiment) when the tile drain was at its highest

performance.

A 2-¼ inch diameter bucket auger was used to core holes to depths of 36 inches. A

small amount of wet bentonite was placed around the lysimeter in the upper 3

inches, to prevent surface water from running down the cored hole. A total of five

piezometers were installed east of the tile line at approximately 8 feet north of the

pit. They were installed 12 inches apart in a straight line parallel to the tile drain

(Figure 4.7). The piezometers consisted of a 2 4/16 inch diameter PVC pipe and

0.5 inches diameter holes drilled 4.5 inches apart from the tip to the bottom of each

piezometer (Figure 4.8).
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4.2.5.4 Tile connector

A custom U-shape pipe, also known as a tile connector, provided the means of

measuring both tile flow rate and instantaneous tile tracer concentration during

elevated water table conditions. The tile connector consisted of a 45-inch long 3-

inch ID ABS pipe, four 3-inch ID elbows, two rubber couplings and a saddle

(Figure 4.9). A 4 to 3-inch pipe adapter was adhered with silicone around each

outlet of the tile system so as to provide a watertight fit.

4.2.5.5 Flow meter

A submersible flow meter from Seametrics, model IP 101 B-40, was used to

calculate the tile flow rate. The flow meter consisted of a paddlewheel sensor that

detected the passage of miniature magnets in six rotor blades. Pulses were

recorded by an automatic data logger from Campbell Scientific INC., model

CR1OX.

To minimize distorted flow patterns caused by upstream fittings too close to the

sensor, the IP sensor was installed with ten diameters (30 inches) of straight pipe

upstream and five (15 inches) downstream (Figure 4.9). The sensor was supplied

with a 2" male pie thread fitting. A 1-3/4" hole was cut in the pipe and a threaded

fitting saddle was installed. The sensor was inserted at a depth of 1.5 inches from

the bottom of the pipe (Seametrics, 1995).



Figure 4.9 - Tile connector. 45-inch long 3-inch ID ABS pipe, four 3-inch ID elbows, two rubber couplings & a saddle.
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4.2.5.6 Fluorometer flow-throuh cell

A 25 mm one-piece continuous-flow cell with a temperature compensation package

that mounts to the cell was installed to a fluorometer from Turner Designs INC.,

model 1OAU. The fluorometer flow-through cell was used exclusively for

automatic sampling from the drain tile. A peristaltic pump from Geotech

Environmental Equipment INC., model SERTES I Geopump, was used for pumping

water out of the tile into the flow-through cell.

Two methods for automatic water sampling were used. During the first phase of

the experiment when the water table was below the tile drain, water was collected

by gravity into a small reservoir (Figure 4.10) and pumped to the fluorometer

through vinyl plastic tubing that was attached to the bottom of the container (Figure

4.11). A metal screen located in the top of the container was used for filtering soil

particles. During the second phase of the experiment when the water table

remained high, the tile connector (discussed in section 4.2.4.5) was used for

pumping water out of the tile system into the fluorometer flow-through-cell (Figure

4.12). For both phases of the experiment, tubing located at the outlet of the

fluorometer, was placed 36 inches downstream inside the other tile outlet to prevent

old tile water intrusion. All connections between the tubings, fluorometer, and

pump were tight to prevent air bubbles from entering the sample chamber.

The fluorometer was set to auto range mode and the log program had a logging

interval of 10 seconds. The parameters measured were natural fluorescence and

temperature. Fluorometer data logger required to be monitored routinely for

battery status. A total of eight 12-volt deep-cycle batteries were used to run the

pump and the fluorometer during the entire experiment.



Figure 4.10 - Tile water collector.
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4.2.5.7 Watering/sprinkler system

Rainfall was simulated using a garden oscillating sprinkler system to apply

approximately one to three centimeters of water to the study plot. The total area of

irrigation was approximately 19.5 m2, shown in Figure 4.13. A water meter located

at the faucet outlet was used to calculate the total amount of water applied. Four

50-feet long 1/4 inch-hoses were used to supply the water source from the OSU

Sheep barn to the study site, approximately 200 feet away.

4.2.5.8 Tracer preparation and fluorometer calibration

Amino-G tracer solutions were prepared for two purposes. The first one was to

make the standard solutions that would be used for the calibration of the

fluorometer. The second one was for making pre-made concentrated solutions that

were used for the tracer application experiments. The general procedure for making

the initial stock solutions and the pre-made concentrated solutions was discussed

previously in section 3.2.4.3.

The following equation was also used for calculating the desired concentration of

the pre-made concentrated tracer solution used for field applications:

cIvI=c2v2 cl=

where, C1 is the tracer concentration at the tile outlet, Vi is the volume of water in

the soil profile pertinent to tracer dilution, C2 is the tracer application concentration,

and V2 is the volume of tracer application.
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VI was calculated by multiplying the percent soil porosity (30%) by the surface

application area and the depth to the tile drain. For the non-runoff experiments,

adjustments were made to the irrigation concentration (C2) so that the concentration

at the tile outlet (C1) would be within the detectable range of the fluorometer (10

ppt-0.5 mg/L) and above the natural fluorscence of the tile water (O.002mg/L).

Physical and chemical properties of the Amino-G tracer were discussed in section

3.2.4.4.

4.2.6 Data collection protocols

4.2.6.1 Overview

Two methods for analyzing tile water samples were used. A continuous flow-

through-cell fluorometer was used for long term sampling (automatic sampling)

providing information during both low and high water table conditions. A manual

sampling technique (manual sampling) was used for short term sampling providing

information about preferential flow during times of low water table. For all

experiments water samples were collected from the lysimeters to monitor matrix

flow. Manual sampling and lysimeter sampling required individual containers

which were taken to the laboratory for analysis.

4.2.6.2 Tile water sampling for Amino-G

4.2.6.2.1 Sampling during the runoff tracer experiment

For all experiments, water samples were taken as soon as the tile started to flow

and continued until irrigation ceased. The drain discharge was collected into 250

mL plastic bottles with the excess falling into a bucket (Figure 4.14). Grab samples
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were also taken from the bucket. Tile flow rate measurements were taken

continuously during the irrigation (discussed on section 4.2.5.4).

Samples were taken to the Soil Physics Laboratory. Upon arrival to the laboratory,

minimum light usage was maintained to prevent tracer photo degradation. Each

sample bottle was shaken and approximately 8 mL were poured into a Fisherbrand

disposable culture tube, borosilicate glass 13X100 mm, 9 mL capacity, previously

labeled. Samples were stored in the refrigerator at 5°C and analyzed within a

month.

A fluorometer from Turner Designs INC., model 1OAU, was used for Amino-G

concentration retrieval (Figure 3.24). The fluorometer was operated in cuvette

mode for discrete sampling, where only a small portion of a sample is required for

analysis. Details of this method were discussed in section 3.2.5.3. See Appendix

3.2 for a description of how a fluorometer works and Appendix 4.3 for a list of the

parameter values used for the calibration of the instrument.

4.2.6.2.2 Sampling during the non-runoff tracer experiment

During portions of the experiment the fluorometer flow-through-cell was used in

the field for logging instantaneous natural fluorescence readings from the tile water.

See section 4.2.47 for details on tile water sampling using the fluorometer flow-

through-cell. Same calibration procedure and fluorometer filters discussed in

section 4.2.5.2.1 were used. Black electrical tape was wrapped around flow-

through-cell and plastic tubings to prevent tracer degradation from exposure to

light. In addition, a tent was installed above all the instrumentation so as to

provide shelter from sunlight and occasional water sprinkling from the irrigation

system (Figure 4.15). See appendix 4.3 for a list of the parameter values used for

the calibration of the instrument.
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4.2.6.3 Lysimeter samnhin2 for Amino-G

Water samples for chemical analysis were collected in 250-mL plastic bottles from

the suction lysimeters. The following procedure was used. The lysimeter pinch-

clamps were removed to release any remaining vacuum. A collection bottle capped

with a stopper for the lysimeters was connected to the tube extending to the bottom

of the lysimeter. A hand vacuum pump was connected to the other tube leading

from the collection bottle, and the lysimeter was pumped dry. The vacuum was

reapplied to the lysimeter, and the tubing was clamped.

A box containing 12 divided sections was used for carrying samples. The box was

carried with a black plastic bag to prevent tracer degradation from exposure to

light. In addition, black electrical tape was wrapped around both the plastic tubing

of the vacuum syringe and the syringe itself. During each lysimeter sampling, the

plastic bag was wrapped around the tip of the appropriate bottle while covering all

the other bottles. This minimized the amount of sunlight intensity reflecting into

the samples. Plastic bottles were thoroughly rinsed with tap water after each

sampling period. Samples were transported to the laboratory at the end of the

experiment. Upon arrival to the laboratory, same sampling protocol from section

3.2.5.3 was used.

4.2.6.4 Tile water flow rate measurements

During the manual experiment and the first phase of the automatic experiment, the

tile flow rate was calculated using a stopwatch and a plastic volumetric graduate

cylinder. A simple equation was used; flow rate equals total volume of water flow

divided by the elapse of time.
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During the second phase of the automatic experiment a flow meter (discussed on

section 4.2.4.5) was used for calculating the flow rate. Unfortunately flow rates

were below the detectable range of the flow meter for much of the time.

4.2.6.5 Soil moisture measurements

Tensiometers were used to measure the soil matric potential (w). A tensimeter

from the Soil Measurements Systems, model Pocket Tensimeter, range +1- 99 cbar

and sensitivity 1 cbar, was used for collecting the matric potential measurements.

The tensimeter was pushed gently over the tensiometer, so that the needle, attached

to the transducer, penetrated the septum stopper. Matric potential measurements

can be then converted to soil moisture units by using a moisture characteristic

curve.

4.2.6.6 Piezometer measurements

A water level meter, Model WLI with Cable, from Slope Indicator was used to

measure the depth of water in the piezometers. The water level indicator consisted

of a 3/8" probe, a signal cable with graduations, and a cable reel. The core of the

cable reel contained batteries, electronics, an LED lamp, and a beeper. Readings

were obtained by slowly lowering the probe into the piezometer and waiting for a

signal. Once the probe reached the surface of the water the lamp lit and the beeper

went off. Immediately the depth to water measurement was read from the

graduations on the cable at the piezometer casing level. The 1/100' graduations on

the cable and the ability to adjust the sensitivity of the instrument provided

maximum accuracy.
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4.2.6.7 Climatological data

A data logging meteorological station from ONSET Computer Corporation

consisting of a tipping bucket rain gauge (model RG1-M) and a radiation shield

(model Pro RH/Temp) that was located at the study site. Both the bucket rain

gauge and the radiation shield were each mounted to a wood post on the study site

fence, clear of over-head structures, and in a location of steady breeze to obtain

maximum accuracy (Figure 3.28). The rain gauge housing was mounted in a level

position. Rain gauge calibration was checked by pouring 373 mL of water into the

container at a constant rate for just over an hour. The total number of tips resulted

in 103 tips, just one tip over the optimum range for calibration. Each tip of the

tipping bucket represents 0.2 mm of rainfall. The accuracy is 1 %. The radiation

shield was programmed to record a data point every 8 minutes. The accuracy is +1-

0.33 °F. Wind speed/direction was provided through the Oregon Climate service.

4.2.7 Experimental procedure

4.2.7.1 Overview

The experiments were conducted in the summer of 2001 and summer of 2002.

Amino-G tracer was applied to the surface for each experiment. Each tracer

application was followed by a series of post-tracer rainfall simulation events.

Before running any of the tracer experiments, a set of irrigation events were

conducted with the purpose of characterizing the tile response time while wetting

up the site.
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The first experiment consisted of a tracer application under flooding conditions

followed by a set of post-tracer simulated rainfall experiments. See table 4.1 for

elapsed period between experiments. Each irrigation event was run until the tile

had been flowing for 1 hour approximately. The second and third experiments

consisted of tracer applications using a custom sprayer under rainfall-simulated

conditions shortly followed by 120 hours of irrigation.

Tensiometers were used to monitor the soil moisture conditions in the soil profile.

Tracer movement through the soil profile was monitored using lysemeters. Tracer

movement to the tile system was determined by monitoring tile effluent directly.

Samples were collected and analyzed for tracer concentrations from the tile

monitoring system and the lysimeters.

Table 4.1 Schedule of experimental events for the small scale site.

Type of activity Date of Tracer Sprinkler irrigation Sampling Protocol
Application or Period

Irrigation
Tile response to 9/30/01 4:O6pm-7:42pm Not applicable

irrigation 10/01/01 3:O2pm-7:46pm
experiment 10/02/01 9:36am-1 1:33am

Passive tile flow 10/08/01 1 l:33am-1:22pm Not applicable
response observation

Amino-G flooding 10/09/01 None Grab sampling
application 7:45pm

Post tracer irrigation 10/23/01 10:OOam-12:3Opm Grab sampling
Post tracer irrigation 10/25/01 11:4Oam-2:lOpm Grab sampling

Passive tile flow 7/15/02 9:4Oam-9:O5pm Not applicable
response observation 7/16/02 5:12am-
Amino-G sprinkler 7/16/02 7/16/02 9:00pm- Fluorometer flow-

application 9:00pm 7/21/02 am through-cell
Amino-G sprinkler 7/21/02 am 7/21/02 am-7/22/02 Fluorometer flow-

application 9:30am through-cell
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4.2.7.2 Description of experiments

4.2.7.2.1 Tile response to irrigation experiment

Because the experiments were started prior to natural precipitation (Fall 2001),

irrigation was used to wet the soil profile to winter conditions and trigger tile flow.

This allowed us to observe the response of the tile system to irrigation input, and

characterizing the tile response time.

A total of 10.2 cm (4.02 inches) of water was applied during a 3-day pre-wetting

period before any water entered the tile system. The irrigation rate was

approximately 3.12 cmlhr (1.23 inlhr). The sprinkler system was positioned to

cover an area of 19.5 m2 as shown in Figure 4.13. Tile flow measurements were

taken continuously from the time the tile flow started until the time the tile flow

slowly ceased. Irrigation was stopped after the tile drain had flowed for 45

minutes.

4.2.7.2.2 Runoff Amino-G tracer experiment.

Tracer application occurred during the evening of 10/09/01 to avoid tracer photo

degradation. Meteorological conditions 24 hours prior to the application were:

mild temperature, windy and some showers. The Amino-G tracer was applied

under flooded conditions. 18.5-liter (5-gallon) buckets were used to apply the

tracer (Figure 4.16). The tracer was mixed at the field site by pouring a pre-made

concentrate (730 mg/L of Amino-G) into an 18.5-liter (5-gallon) bucket of

irrigation water and mixing it with the hose stream. Tracer was then poured from

the bucket directly to the soil surface covering an area of about 1.22 m2 (4 ft2) per

application. Total area for application was approximately 22.6 m2 (74 ft2) (Figure

4.17). 313.2 liters (82.85 gallons) of tracer were applied at a rate of 4.7 liters (1.25
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gallons) per 0.3 square meters (square foot) for 10 minutes. Total volume of water

exiting the tile was 7.9 liters (2.09 gallons). Tile sample collection began right

after initiation of outflow. Outflow from the tile was consecutively collected into

0.5 L (0.13 gallons) plastic bottles. A bucket was left underneath the tile outlet at

all times as a catch basin to account for total outflow amount and for grab-sample

collection. Tensiometers readings were collected before and after the application.

Lysimeter samples were collected 12 hours after irrigation ended and lysimeter

suction (70 KPa) was applied 2 hours 45 minutes before tracer application. Sample

protocol is discussed on section 4.2.5.2.1.

Two post-tracer rainfall simulation experiments were conducted 14 days and 16

days after tracer application. Irrigation covered the area of the prior tracer

application 22.6 m2 (74 ft2) (Figure 4.17), at a rate of approximately 3 cm per hour

(1.2 in/Br). Tarps were used to cover area where irrigation was not desired. The

oscillating sprinkler was monitored at all times to ensure it covered the desired

area. Water collected in the tarp at the end of the irrigation period was carefully

removed from the study site.
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Figure 4.16 Manual sampling experiment. Amino-G flooding tracer
application.
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4.2.7.2.3 Non-runoffAmino-G tracer experiment.

Prior to conducting the tracer application, the study site was irrigated continuously

until drain flow occurred. Tracer application started two hours following initiation

of drain flow. Tracer was applied during the evening to prevent photodegradation.

Two days prior to the tracer application, a grass trimmer was used for cutting the

grass in the study site.

A custom made spreader from the Bioresource Engineering Department was used

to spread Amino-G over the study area. The sprayer consisted of a pressure tank

on wheels with two sprayer pipes (2.6 meters long) extending horizontally to the

sides. Each sprayer pipe had 3 sprayer nozzles spaced 0.5 meters (20 in) apart.

The nozzles generated an oval spray pattern. The spray pattern had a total footprint

of 2.6 meters (8.5 ft). The sprayer application is shown in Figure 4.18. Total area

of application was 7.7 square meters (82.81 ft2) (Figure 4.19). The total area of

irrigation is shown in Figure 4.2. A total of 42 L (11.1 gallons) were applied for an

average of 0.56 cm (1.4 in) height of application. The tracer was mixed at the field

by pouring 0.5 liters (0.13 gallons) of a pre-made concentrate (336 mg/L of Amino-

G) into the 14-liter (3.7 gallons) sprayer tank and mixing it with 10.82 L (2.9

gallons) of water. The final application concentration was 12 mg/L. Each tank full

of tracer solution was spread evenly over the entire application area. The spreading

rate was approximately 1.5 meters per liter (4.92 ft/L). Lysimeter samples were

taken at the 15th hour after tracer application. Lysimeter samples were taken

continuously every 4-8 hours until the 94th hour after tracer application.



137

An additional tracer application was conducted during the lO9 hour after the

tracer application. Same application procedure as described above was used. A

total of 14 liters (3.7 gallons) were applied for an average of 1.86mm (0.07 in)

height of application. The tracer was mixed at the field by pouring 0.5 liters (0.13

gallons) of a pre-made concentrate (775 mg!L) of Amino-G) into the 14-liter (3.7

gallons) sprayer tank and mixing it with 10.82 liters (2.9 gallons) of water. The

final application concentration was approximately 27.68 mg/L.

Piezometers were used for measuring the shape of the water table away from the

tile drain. Measurements were done towards the end of the experiment period

when the tile drain was at its highest performance. In addition, two measurements

were taken 30, and 60 minutes after irrigation ceased with the purpose of obtaining

information on the behavior of the water table during the draw-down period.
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4.3 PRESENTATION AND DISCUSSION OF DATA

4.3.1 Soil physical properties

According to the Benton County Soil Survey, the soil at this location falls under the

Amity series. However, Dr. Herb Huddleston at Oregon State University felt that

the soil pit was most likely an inclusion of the Dayton soil series. A soil profile

analysis was conducted from the north wall of the study pit which concurs with a

Dayton classification. The new soil description is shown below. The soil pedon is

classified as fine, ferrihydritic, mesic, Typic Haploxeraif.

Soil profile description:

Ap 0 to 13 cm (0 to 5 in); very dark grayish brown (1OYR 3/2) silty clay loam,

gray (7.5YR 6/1) dry; moderate medium sub-angular blocky parting to moderate

very fine sub-angular blocky; very hard, firm; moderately sticky, slightly plastic;

many very fine roots, clear smooth boundary.

E1 13 to 28 cm (5 to 11 in); very dark gray (1OYR 3/1) silty clay loam, pinkish

gray (7.5YR 6/2) dry; moderately few distinct fine brownish yellow (1OYR 6/6) dry

iron concentrations in matrix, very few prominent black magnesium nodules in

matrix; weak fine angular blocky; very hard, friable; moderately sticky, moderately

plastic; few very fine roots with strong vertical orientation; very few prominent

magnesium concentrations occurring around fine root channels; clear smooth

boundary.

E2 28 to 39 cm (11 to 15 Y2 in); dark gray (1OYR 4/1) silty clay, gray (7.5YR 6/1)

dry; massive; very hard, very friable; slightly sticky, slightly plastic; clear smooth

boundary.
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2Bt1 39 to 64 cm (15 V2 to 25 in); very dark grayish brown (2.5Y 3/2) silty clay,

gray (7.5 YR 6/1) dry; few fine dark yellowish brown (1OYR 4/6) dry iron

concentrations in matrix; moderate fine prismatic; very hard, firm; moderately

sticky, very plastic; very few faint yellowish brown (1OYR 5/4) dry silt coats on

ped surfaces coated by colorless clay film; common medium tubular pores; gradual

smooth boundary.

2Bt2 64 to 104 cm (25 to 41 in); very dark grayish brown (1OYR 3/2) silty clay,

brown (7.5YR 5/2) dry; moderate medium prismatic structure; hard, very friable;

very sticky, very plastic; few prominent reddish black (2.5YR 2.5/1) accumulation

on ped faces; common prominent light yellowish brown (1 OYR 6/4) iron hypocoats

on ped faces and pore surfaces; few very fine roots; common medium tubular

pores; few distinct clay films on pore linings, few prominent black (1OYR 2/1) pore

linings; clear irregular boundary.

BCt 104 + cm (41 + in); dark brown (7.5YR 3/2) silty clay, brown (7.5YR 4/3)

dry; common fine faint browninsh yellow (1OYR 6/6) irregular iron masses in

matrix; faint medium prismatic structure interspersed with structureless massive

pockets; very hard, very friable; very sticky, very plastic; few fine pores with dark

gray (1OYR 4/1) clay film pore linings, common very fine pores with black

magnesium hypocoats in the pores.

4.3.1.1 Soil texture analysis

Table 4.1 shows the results obtained from the texture analysis using the hydrometer

method. Soil horizons A, El, E2, and 2Btl were classified as silty clay loam while

the 2Bt2 horizon was classified as silty clay. El and E2 horizons showed 5-7 %
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less clay concentrations than horizons A and 2Btl. Overall, there appears to be a

gradual increase in clay accumulation with depth from horizon El down.

4.3.1.2 Particle size distribution

The particle size distribution curve for each soil horizon is shown on Figure 4.20.

The flattened and smooth shape of the distribution curves for each soil horizon

indicates that the soils are well-graded, with the exception of part of the curve

(steplike shape) for the EA horizon which can be considered poorly graded. The

values of the particle size distribution curve appear to be consistent with the soil

texture analysis results.

4.3.1.3 Bulk density

Figure 4.21 shows the bulk density results for each soil horizon. Horizons A, E2,

and 2Bt2 had almost the same bulk density values (l.38g/mL). Horizon El had the

greatest bulk density (l.48g/mL) and 2Btl the smallest one (l.18g/mL). These

values represent typical ranges of bulk density for this type of soils: rich in organic

matter and finer texture (silty clay).

4.3.1.4 Hydraulic conductiyi

The results of the saturated hydraulic conductivity for each of the intact soil cores

from each soil horizon is shown on Figure 4.22. Horizons El and E2 had the

greatest hydraulic conductivity values, 342 cm/hr and 280 cm/hr respectively.

While 2Btl had the lowest value (47cm/hr). These values of hydraulic

conductivity are significantly higher of those found in the Willamette Valley

(Floyd, 1958), suggesting the presence of macropores and a well structure soil. A

possible explanation for this is that by using non-destructive cores, the structure of

the soil, containing macropores, was well preserved, resulting in greater hydraulic

conductivities. These high values of hydraulic conductivity support the results of
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the non-runoff experiments in which surface applied Amino-G tracer migrated to

the tile drain in less than 10 minutes.

4.3.1.5 Soil moisture characteristic curve

Figure 4.23 shows the soil moisture characteristic curves of the soil profile at four

different depths. The curves show the relationship between the soil moisture

content and the soil matric potential of the soils upon being dried. These curves

follow the general trend for a clay soil with high soil moisture values at saturated

conditions. Under saturated conditions (0 KPa) the moisture content ranged

between 48 and 57 percent depending on the soil horizon. The soil moisture

characteristic curve for each soil horizon followed the same general pattern.

4.3.2 Piezometer data

Piezometer readings during the last phase of the non-runoff experiment are shown

in Figure 4.24. Revealing the shape of the water table away from the tile drain

during irrigation (high water table) and after irrigation ceased (water table

drawdown). Similar results were found by Floyd (1958) from same type of soils in

the Willamette Valley. The piezometers show a very rapid response shortly after

irrigation ceased. Only 32 minutes after irrigation ceased the water table dropped

approximately 8 cm in average and continually decreased. This rapid response

suggests that the drainage system is very effective at lowering the water table.

Similar results were found by Floyd (1958) in tile drain fields with similar soil

types in the Willamette Valley.



Table 4.2 - Soil texture analysis.

Actual Adjusted %remaining
hydrometer Tempera- hydrometer Standard in

Horizon Time reading ture Calibration reading calibration suspension
A 0.7 57.0 20.2 0.1 57.1 55.3 92.1 7.9 % SAND

2.0 52.0 20.0 0.0 52.0 50.2 83.7 54.7 % SILT
5.0 47.0 20.0 0.0 47.0 45.2 75.3 37.4 % CLAY
10.0 42.0 20.0 0.0 42.0 40.2 67.0 silty clay loam
15.0 39.2 20.0 0.0 39.2 37.4 62.3
30.0 33.2 20.8 0.3 33.5 31.7 52.8
60.0 29.0 20.7 0.3 29.3 27.5 45.8
120.0 24.0 20.7 0.3 24.3 22.5 37.4
265.0 20.1 20.6 0.2 20.3 18.5 30.9
315.0 19.2 20.1 0.0 19.2 17.4 29.1
1440.0 14.2 20.0 0.0 14.2 12.4 20.7

El 0.7 54.0 20.0 0.0 54.0 52.0 86.7 13.3 % SAND
2.0 52.5 20.0 0.0 52.5 50.5 84.2 56.9 % SILT
5.0 50.1 20.0 0.0 50.1 48.1 80.2 29.7 % CLAY
15.0 39.0 20.0 0.0 39.0 37.0 61.7 silty clay loam
30.0 32.0 20.5 0.2 32.2 30.2 50.3

25.0 20.1 0.0 25.0 23.0 38.4
120.0 19.8 20.1 0.0 19.8 17.8 29.7
148.0 15.0 20.0 0.0 15.0 13.0 21.7
250.0 14.0 20.0 0.0 14.0 12.0 20.0
1440.0 7.8 20.0 0.0 7.8 5.8 9.7

E2 0.7 54.5 20.9 0.3 54.8 52.8 88.0 12.0 % SAND
2.0 54.0 20.9 0.3 54.3 52.3 87.2 55.2 % SILT

1



Table 4.2 - (Continued)

5.0 49.0 20.9 0.3 49.3 47.3 78.9 32.91% CLAY
10.6 43.0 20.9 0.3 43.3 41.3 68.9 silty clay loam
15.0 40.0 20.9 0.3 40.3 38.3 63.9
30.0 33.0 20.8 0.3 33.3 31.3 52.1
60.0 26.0 20.7 0.3 26.3 24.3 40.4
120.0 21.5 20.6 0.2 21.7 19.7 32.9
265.0 16.0 20.0 0.0 16.0 14.0 23.3
1440.0 10.1 20.0 0.0 10.1 8.1 13.5

2Btl 0.7 57.0 20.0 0.0 57.0 55.5 92.5 7.5 % SAND
2.0 55.0 20.0 0.0 55.0 53.5 89.2 56.4 % SILT
5.0 50.5 20.0 0.0 50.5 49.0 81.7 36.1 % CLAY
15.0 42.5 20.1 0.0 42.5 41.0 68.4 silty clay loam
30.0 35.1 20.0 0.0 35.1 33.6 56.0
60.0 29.0 20.1 0.0 29.0 27.5 45.9

120.0 23.1 20.1 0.0 23.1 21.6 36.1
265.0 18.5 20.0 0.0 18.5 17.0 28.3
1440.0 12.5 20.0 0.0 12.5 11.0 18.3

2Bt2 0.7 57.0 20.2 0.1 57.1 55.3 92.1 7.9 % SAND
2.0 55.5 20.2 0.1 55.6 53.8 89.6 43.1 % SILT
5.0 51.2 20.0 0.0 51.2 49.4 82.3 49.0 % CLAY
15.0 45.0 20.0 0.0 45.0 43.2 72.0 silty clay
30.0 40.2 20.2 0.1 40.3 38.5 64.1
60.0 36.0 20.0 0.0 36.0 34.2 57.0
120.0 31.2 20.0 0.0 31.2 29.4 49.0
149.0 28.1 20.0 0.0 28.1 26.3 43.8
172.8 28.0 20.0 0.0 28.0 26.2 43.7
1440.0 21.5 19.9 0.0 21.5 19.7 32.8
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4.3.3 Tile response to irrigation

It took approximately 102 mm (4.02 in) of irrigation water and a total of 7.35 hours

of irrigation before drain flow occurred. It should be noted that irrigation prior to

the first tile response was applied in two steps; 5 cm of irrigation over 3.6 hours

(first period of irrigation), a 19 hours rest allowing redistribution and internal

drainage, followed by a 6.6 cm of irrigation over a 4.73 hours (second period of

irrigation).

This significantly large amount of irrigation water (102 mm) required for tile flow

response is a result of the initial low soil moisture condition at the beginning of the

experiment during this part of the year. Figure 4.28 shows the tensiometer readings

(matric potential) during each of the irrigation experiments (9/3 0, 10/01, and 10/2).

Each nest exhibited the same general pattern, lower matric potentials during the

first irrigation experiment and increasingly higher matric potentials with each

subsequent irrigation event. Tensiometer data provides evidence of the low

moisture conditions prior to the first irrigation period with an average of

approximately -30 KPa. Using Figure 4.23 this soil matric potential value

corresponds to a moisture content of approximately 35 %. To wet the profile to

near saturation (50 %) to the depth of the tile drain, it would require approximately

(50-35) (lm) = 15 cm of irrigation water. The amount of water applied was

therefore not in excess of what was expected. By the time the second irrigation

event (10/1) occurred, most tensiometers showed nearly saturated conditions (-22

to -5 KPa). The increase in moisture content between the 1St and 2' events

suggests that most of the irrigation water from the first irrigation event was being

redistributed down the soil matrix, resulting in initial higher soil moisture

conditions during the second and third irrigation events. By the time the third

irrigation event occurred all tensiometers showed saturated conditions (-5 to 0

KPa). During this experiment, the tile response occurred shortly after the start of



152

irrigation (Figure 4.25), indicating that higher antecedent soil moisture results in

more rapid tile response to irrigation events. During the second period of irrigation

(10/01/02), the tile response occurred 255 mm after irrigation was initiated (Figure

4.26), reaching a peak flow of 450 mL/min, while during the third irrigation period

(10/02/02), tile response occurred only 17 minutes after the start of irrigation

(Figure 4.27), reaching a peak flow of 500 mL/min. During both experiments the

same tile flow pattern was observed; a steady tile flow increase reaching peak flows

at the end of irrigation and a gradual decrease after irrigation ceased. According to

Kung (2000) a possible explanation for the rapid response to irrigation events is

that water movement through preferential pathways increases as irrigation

progresses and the soil becomes progressively wetter (Kung et al., 2000). In

addition, a period of tile flow after irrigation ceased was observed for both

irrigation experiments. During the second irrigation period the tile continued to

flow for 10 mm after irrigation ceased, while on the third irrigation experiment the

tile continued to flow for 35 minutes. This significant longer period of flow

provided further evidence of higher soil moisture conditions during this period.

Suggesting that more pores were filled with water and greater amounts of soil water

was available to flow free through the soil profile.

In these experiments, tile response to irrigation events appeared to be governed by

soil moisture. The state of saturation appeared to have an effect on both the time

required for the tile flow response and duration of flow after irrigation ceased.

Overall, lower soil moisture conditions contributed to a greater lag in tile flow

response.
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4.3.4 Runoff Amino-G tracer application.

Approximately 10 minutes after Amino-G tracer flooding application (10/09), drain

flow was observed. The highest concentration was obtained during the first minute

of drain flow, reaching a peak concentration of 43 mg/L (Figure 4.29). Amino-G

concentration at the tile outlet decreased gradually until tile flow ceased, reaching a

final concentration of 30 mg/L. The total mass that migrated to the tile drain during

the entire drain flow (12 minutes) was approximately 246 mg of the total 228,636

mg applied, or 0.1%. The total volume that exited the tile was 7.9 L. The total

mass applied was calculated by multiplying the total volume of tracer application

(313.2 L) by the tracer concentration (730 mg/L). This suggests that a small

portion of the applied-tracer moved very rapidly through preferential pathways.

The two subsequent post-tracer irrigation events (10/23 and 10/25) showed a

similar peak shape with high concentration peaks of Amino-G immediately after

drain flow initiation, reaching approximately 0.12 mg/L and decreasing over time

to approximately 0.09 mg/L (Figure 4.30 and Figure 4.31). The peak

concentrations and total mass transported to the tile drain observed during these

two irrigation experiments were much lower than the initial tracer application

(10/09). The total amount of mass transported to the tile system during the entire

experiment was approximately 0.11 % of the total mass applied, which primarily

came during the initial tracer application (0.1 %). Only a very small portion of the

tracer was transported during the following two post-tracer irrigation applications

(0.006 %). Each subsequent irrigation event resulted in smaller peaks. These

results agree with those found by Gentry (2000) in which "the first event flushed

the tracer through the soil, depleting the leachable pool, and resulting in lower

concentrations for each successive event." Kladivko (1991) suggests that a possible

explanation for this observed behavior (lower concentrations at the tile outlet with
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subsequent irrigation events) is "nonequilibrium sorptionldesorption in the

preferential flow paths." At the start of a flow event, Amino-G in the existing soil

solution is flushed rapidly through large pores and into the drain. "Desorption is

not rapid enough to maintain an equilibrium solution concentration in new rain

water, so continued water flow through those pores contains much lower

concentrations. When drainage ceases, the equilibrium within the large pores is

reestablished, and a new flow event again contains a high initial concentration of

Amino-G."

Some of the differences between the total amount of tracer applied and discharged

by the tile may be attributed to tracer lost below the tile drain. Bergstrom (1987)

reported that considerable amounts of water might percolate past the drainage

system in tile-drained plots. During the 14-day period of non-sampling, between

the tracer application and the first irrigation experiment, it is possible that some of

the tracer that was applied, followed by subsequent rain events (Figure 4.32),

resulted in internal drainage to a depth below the tile drain.

The consistently higher tile water concentrations compared to that obtained from

the deeper suction lysimeters (at corresponding times) are evidence that tracer was

transported to the tile system by preferential flow. The maximum concentration

obtained in any of the lysimeters was 11 mg!L on 10/09/02 at a depth of 35 cm in

the north nest, lysimeter suction was applied approximately 2 V2 hours before tracer

application (Figure 4.32). Although the suction lysimeters demonstrated significant

spatial variability in Amino-G concentration, the maximum concentrations at 20

and 35-cm depths were significantly less than the tile drain concentrations,

approximately 74 to 98 percent less (Figure 4.32 and Figure 4.33). This suggests

that none of the suction lysimeters intercepted significant amounts of tracer that

was transported preferentially during tracer application and the lysimeters were
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therefore useful to monitor matrix flow, and thus Amino-G transport through the

matrix was indeed evident.

These results suggest that solutes applied at runoff rates might percolate very

rapidly through the soil profile reaching subsurface drains at very high

concentrations. Although a small percentage of the total mass applied was found at

the tile outlet (0.1 %), this percentage represented a relative short period of tile flow

sampling (12 minutes). The significant lower concentration found at the tile outlet

during the post-tracer irrigation experiments may suggest that considerable losses

of tracer occurred between the 14-day non-sampling period (end of tracer

application and the first post-tracer irrigation experiment). It is possible that this

period also allowed redistribution of tracer and internal drainage following

subsequent rain events (30 mm).
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4.3.5 Non-runoff Amino-G tracer application

Figure 4.34 shows the breakthrough curves for both of the non-runoff Amino-G

tracer experiments. Amino-G concentration peaks for both of the experiments were

observed shortly after the start of irrigation. Height differences between the peaks

might be attributed to a combination of factors including: (1) tracer application; (2)

tracer concentration; (3) tile flow sampling procedure. Each of these factors is

discussed in more detailed below.

Approximately 5.7 percent of the total applied tracer was obtained from the tile

outlet for the first experiment (Figure 4.35). Significantly greater amounts of

Amino-G tracer were found during the first tracer application than during the

second one (2.83 %) (Figure 4.36). Although the concentration of the first tracer

application was significantly lower (12 mg!L) than the concentration of the second

tracer application (27.7 mg!L), the total amount of tracer applied during the first

experiment (5.6 mm) was greater than in the second experiment (1.9 mm). This

might imply a correlation between input amount and transport effectiveness. A

possible explanation for this is that by applying greater volumes of tracer, larger

portions of the applied tracer were more susceptible to runoff (even though the

intent was to apply it at non-runoff rates) and enter deeper preferential pathways

(activating more macropores) resulting in less soil sorption and dilution. For both

of the tracer applications, a portion of the tracer appeared to move very rapidly to

the tile drain (less than 10 minutes), providing evidence of the presence of

macropores in the system. During the second experiment the Amino-G tracer

breakthrough appeared to be faster (5 minutes) than during the first experiment.

Although the total dilution at the tile outlet during tile water sampling for both

experiments is unknown. It is possible that during the second experiment, when the

tile connector was used, more dilution was present in the tile connector trap. While

this connector provided the means of sampling from the tile drain during high water
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table conditions, it also presented a physical barrier for calculating the flow rate

manually during the experiment. Thus, the tile flow used for calculating the

percent of tracer transported to the tile drain during this experiment was assumed to

be consistent with the last flow value of the first experiment (1600 mL/min) (Figure

4.35). This assumption was based on the principle that the wetting front boundary

edge effect was not longer dominant (see discussion below).

During the first hour of initiation of tile flow, tile flow rate increased gradually

reaching a peak flow of 700 mL/min (Figure 4.35). The tile flow remained fairly

constant for about 18 hours at 725 mL/min, until a sudden rise in the tile flow rate

was observed on 7/17 19:00 reaching a peak flow of about 1700 mL/min. It is

possible that prior to this time, the wetting front near the edge of the irrigation

boundary was still moving laterally driven by capillarity. Soil moisture gradient

along the study site edges creates a boundary edge effect, reducing the amount of

infiltrated water available to the tile drain, and therefore resulting in lower tile flow

rates as seen during the first 18 hours of tile flow.

Lysimeter samples were taken at the 15th hour after tracer application. Lysimeter

samples were taken continuously every 4-8 hours until the 94th hour after the first

tracer application. The second tracer application was conducted during the lO91

hour after the first tracer application. Figure 4.37 (north and south) and Figure 4.38

(east and west) show the results of lysimeter samples for the entire period.

Comparison of Amino-G concentrations at the tile outlet with concentrations

measured in samples from the suction lysimeters provides evidence of matrix flow.

Tile water concentrations were consistently greater than concentrations found in the

deeper suction lysimeters at corresponding times. In addition, all nests show higher

concentrations during the first sampling periods and decreasing overtime to nearly

background levels. This is especially true for the north and south nests (Figure

4.37).
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4.4 RESULTS

Tile flow response to irrigation experiments appeared to be governed by soil

moisture. Lower soil moisture conditions (-22 to -5 KPa) prior to irrigation

contributed to a longer delay prior to tile flow response (255 mm) than higher

soil moisture conditions (-5 to 0 KPa) (17 mm).

Amino-G tracer applied at runoff rates was transported very rapidly (10 mm) to

the tile drain, providing evidence of preferential paths in the system.

Approximately 0.1 % of the total applied tracer was found at the tile outlet

during the first 12 minutes of tile flow. Amino-G concentrations in tile flow

was reduced significantly (230 times) during a post-irrigation period 14 days

after tracer application.

Amino-G tracer applied at non-runoff rates was also transported very rapidly to

the tile drain (less than 10 mm). An application of 5.6 mm of Amino-G tracer

application at a concentration of 12 mg/L resulted in an Amino-G tracer

concentration peak at the tile outlet of 0.065 mg/L with 5.68 % of the total

surface applied tracer migrating to the tile outlet. This represented significantly

higher levels than the second tracer application where 2.83 % of the total

surface applied tracer migrated to the tile drain and a peak concentration was

found to be at 0.03 5 mg/L.

Mass transport of Amino-G tracer applied at runoff rates resulted in

approximately 17 times greater than at non-runoff rates, during the first 12

minutes (total flow time of runoff experiment).
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4.5 CONCLUSIONS

During both Amino-G tracer experiments (Amino-G runoff experiment and Amino-

G non-runoff experiments), the Amino-G was detected in the tile drain in less than

10 minutes after initiation of irrigation. The peak concentration of Amino-G

breakthrough during the Amino-G runoff application experiment was 40 mg/L (18

times less than the Amino-G concentration applied). The peak concentrations of

the Amino-G during the non-runoff application experiment #1 and #2 were 0.065

mg/L and 0.035 mg/L, 185 times and 791 times less than the Amino-G

concentration applied, respectively. This suggests that higher concentrations of

Amino-G are more likely to reach the tile drain during runoff tracer applications

than during non-runoff tracer applications. The total amount of surface applied

Amino-G tracer found at the tile outlet during the first 12 minutes (total tile flow

time of the runoff experiment) of Amino-G breakthrough was also found to be

greater during the runoff tracer application (0.1 %) than during the non-runoff

tracer application #1 and #2 (0.006 % and 0.027 % respectively). This represented

4 and 17 times less total tracer migrated to the tile drain during the non-runoff

experiment than during the runoff tracer experiment. A possible explanation for

this is that by applying a greater volume of tracer, larger portions of the applied

tracer were more susceptible to runoff and enter preferential pathways resulting in

less soil sorption and dilution potential. In addition, Amino-G tracer applied at

non-runoff rates, during the latter stages of irrigation (non-runoff experiment #2)

arrived at the tile faster (5 mm) than Amino-G tracer applied during early stages of

irrigation (10 mm) (non-runoff experiment #1). Jaynes (2001) also observed faster

tracer transport when applied during the irrigation period than towards the

beginning of the experiment. This may suggest that the soil's higher moisture

conditions are prevalent in the later stage of the irrigation thus enhancing

preferential transport.
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As expected lower soil moisture conditions (-22 to -5 KPa) prior to irrigation

contributed to a longer lag in tile flow response to irrigation (255 mm) than higher

soil moisture conditions (-5 to 0 KPa) (17 mm).

The consistently higher tile water concentrations compared to that obtained from

the deeper suction lysimeters (at corresponding times) are evidence that tracer was

transported to the tile system by preferential flow. Lysimeters data also indicated

that the wetting front in the matrix moved approximately 2 cm/hr on average.

Amino-G breakthrough from the two post-tracer irrigation experiments 14 days

after the runoff tracer application experiment resulted in lower Amino-G

breakthrough concentrations at the tile outlet with each irrigation experiment.

Kladivko (1991) suggests a possible explanation for this observed behavior is

"nonequilibrium sorptionldesorption in the preferential flow paths." At the start of

a flow event, Amino-G in the existing soil solution is flushed rapidly through large

pores and into the drain. "Desorption is not rapid enough to maintain an

equilibrium solution concentration in new rain water, so continued water flow

through those pores contains much lower concentrations." When drainage ceases,

the equilibrium within the large pores is reestablished, and a new flow event again

contains a high initial concentration of Amino-G.

Regardless of the type of tracer application (runoff or non-runoff), Amino-G tracer

was transported very rapidly to the tile drain (less than 10 minutes), providing

evidence of preferential flow. Amino-G peak concentrations and total mass

transported to the tile drain were greater (185 to 791 times) when applied at runoff

rates than when applied at non-runoff rates. The total mass of Amino-G migrating

to the tile drain during non-runoff conditions depended on the total volume of

applied tracer, regardless of the tracer concentration. An application of 5.6 mm at
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12 mg/L resulted in 5.7 % of the total mass migrating to the tile drain, whereas an

application of 1.9 mm at 27.7 mg/L resulted in only 2.83% at the tile.



5 CHAPTER 5- MANAGEMENT IMPLICATIONS

"Where there is no vision, the people perish."
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Proverbs 29:18

Tile drainage of agricultural areas not only has an impact on the hydrology of an

area but also on its water quality. Awareness of the impact of our activities on

water quality is important because of potential adverse effects of nutrients, bacteria,

and chemicals entering watercourses to humans and the ecosystem. Many

agricultural practices contribute to environmental problems and this is of concern to

agricultural managers who understand the need for sustainability. Agricultural

practices that have been classically studied include tillage practices, fertilizer and

pesticide application methods and rates, and drainage and irrigation practices.

Results of this work indicate that E. coli from surface applied manure effluent can

indeed be transported to agricultural tile drainage systems at rates and in

concentrations that could be detrimental to humans as these drainage merges with

surface water bodies. Understanding the quantities ofE. coli transport and the

conditions under which such rapid transport occurs is important to land managers

as they consider possible alternatives for ameliorating the impact. This type of

information is ofparticular interest to the OSU Research Dairy because they are the

leading Research Dairy center for the state of Oregon, investigating the most

effective practices for dairy operation and balancing issues of economics,

feasibility, technology and ecosystem sustainability.

This chapter will discuss some of the environmental implications of management

strategies that have been suggested by researchers and educators for reducing the

environmental impacts resulting from manure applications on tile drained fields.
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Discussion will focus on ways to minimize preferential flow of surface applied

chemicals during the first several rainstorms after application.

Management strategies that have been discussed as potential alternatives for

reducing contaminants in tile drain systems can be grouped into the following

topics:

The timing of the application

Tillage vs. non tillage

Controlled tile drainage and subirrigation

Implementation of wetlands for subsurface water treatment

Fine tune fertilizer N management

Composting of liquid manure

The use of each of these Best Management Practices is thought to minimize the

environmental impacts of chemical and manure applications. Each is discussed in

further detail below, and evaluated in light of the research findings of this project.

5.1 THE TIMING OF THE APPLICATION

Kachanoski (1996) found that solutes applied to the soil are more likely to reach

tile drains if the initial soil moisture is high at the time of chemical application.

The same was found in regards to bacterial transport, showing that it occurred

much more rapidly if the soil was near saturation. In addition, Geohring (2001)

reports that summer and early fall manure applications, when the soil is relatively

dry, will, on average, result in lower nutrient loading from tile lines. If a manure

application schedule allows for manure to sit in the field for a prolonged period of

time before a rain event, nutrient loading will be lower than when manure

application is immediately followed by rain. Gangwer (1999) suggests that manure

applications should be applied at field capacity or less moisture content. This is
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thought to keep the manure from leaving the field surface during rainfall events or

flooding.

However, the results presented in this document indicate that large amounts of F.

coli bacteria (1.2 X 106 CFU/mL) were still transported to the subsurface drains

even when the liquid manure was surface applied at field capacity. E. coli bacteria

was transported to the tile drains following precipitation events. Bacteria transport

was still present even two months after the liquid manure application.

5.2 TILLAGE VS. NO TILLAGE

Most researchers have found no significant differences of nutrient losses between

no tillage plots and conventional tillage plots to tile drains (Zucker, 1998; Fleming

1991, 1992; Stoddard, 1998). Only a few studies have shown that conventional

tillage, which involves surface application of manure to the soil, reduces the

amount of manure entering the tile drains (Dean, 1992; Geohring, 2001). However,

studies have shown that when solutes or effluents are incorporated into the soil by

tillage, total loading of solutes or population of bacteria are reduced significantly

(Geoghring, 1998; Kachanoski, 1996; Djodjic, 2001; Kanwar, 2001).

A study using tracers (reactive and non-reactive) showed that when the tracer is

incorporated into the soil surface (top 10 cm) by tillage, the amount of tracer

transported to the tile drain is significantly reduced (Kachanoski, 1996). Tillage

incorporation resulted in a 500% increase in surface absorption of a reactive tracer

compared to non-incorporation. The effect of tillage incorporation was especially

significant in the heavier textured soils. Djodjic (2001) also reports significant

reduction in phosphorous loads when fertilizer was incorporated with a tillage

practice that thoroughly mixed the applied fertilizer with the soil. Djodjic
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suggested the use of a disc cultivator for reducing nutrient leaching losses and

enhancing nutrient incorporation into the soil.

5.3 CONTROLLED DRAINAGE AND SUBIRRIGATION
(PLUGGING TILE DRAINS)

Studies have shown that water table management systems can improve drainage

water quality when properly designed and carefully managed (Busman, 2002;

Evans, 1996; Fleming 1995; McLellan, 1993). Water table management includes

any combination of the following management practices; surface drainage,

conventional drainage (tile drainage), controlled drainage, and subirrigation mode

(Zucker 1998; Busman 2002). This section will focus on the controlled drainage

and the susbirrigation mode; two relatively new techniques that have demonstrated

increased productivity and contaminant reduction in tile drain fields (Zucker,

1998).

Controlled drainage consists of a water control structure located at the tile drain

outlet. This allows the pressure head at the drainage outlet to be artificially set at

any level between the ground surface and the drains. This practice not only can be

used to recharge the water table between growing seasons, but also can provide a

reduction in nitrate losses or bacteria transport to tile drains (Zucker, 1998;

McLellan, 1993). McLellan (1993) and Fleming (1995) found remarkable effects

on both the peak concentration and total mass of Fecal Coliform and E. co/i

bacteria when blocking the subsurface drainage flow for one week. The peak

concentrations were significantly reduced and the total loadings of bacteria were

reduced by factors of 0.02 and 0.08. Busman (2002) also reported that controlled

drainage decreases the volume drained, slightly increases surface runoff, and

significantly decreases (up to 50 percent) nitrate losses seen in conventionally tile



drain fields. Controlled drainage, when managed all year, reduces total outflow by

approximately 30 percent (Evans, 1996).

The subirrigation mode consists of control structures through the subsurface

drainage system. This practice provides both the drainage and irrigation

requirements for proper management. It is commonly used to provide subirrigation

during dry periods. Irrigation occurs below the ground surface by raising and

maintaining the water table at the appropriate depth. The tile drain spacing for

subirrigation is usually 30 to 50 percent denser than that used for conventional

drainage systems (Evans, 1996; Zucker, 1998). A study conducted by the Ohio

MSEA showed consistent lower nitrate concentrations in the tile drainage for

subirrigation drainage water when compared to conventional tile drainage. The

subirrigation drainage systems used, maintained a constant water table level at 10

in. below the ground surface for approximately 100 days beginning in mid-June.

Water was added to maintain the water table at 10 in. and tile drains were opened

as necessary to lower the water table following rainfall events (Zucker, 1998).

According to Busman (2002) the controlled drainage management strategy is

limited by topography and it is economically unfeasible on land slopes greater than

about one percent because more water control structures (wells) are needed as slope

increases. Geohring (1998) states that on slopes exceeding 2 percent, the tile will

need a plug every 200 feet to keep the plug from exiting the drain due to head

pressure. On the other hand, controlled drainage has been designated a Best

Management Practice (BMP) for soils with improved drainage and qualifies for

cost-share assistance under some state programs (Evans, 1996). Furthermore,

Evans (1996) states that unlike many BMPs, controlled drainage benefits both

production and water quality.
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5.4 IMPLEMENTATION OF WETLANDS FOR SUBSURFACE
WATER TREATMENT

Wetlands have been proposed as a means of treating water from tile drain systems

before it is released into nearby rivers (Busman, 2002). Wetlands can be seen as

denitrifying ponds or managed riparian zones where tile drainage water could be

treated to remove excess bacteria before discharge into drainage ditches or streams

(Zucker, 1998). Researchers in Iowa suggest that wetlands can remove from 20 to

80 percent of the annual nitrate in subsurface drainage water depending on the ratio

between the areas of drained land and wetlands (Busman, 2002).

Very little information is available at this time on the effectiveness of wetlands in

removal of fecal bacteria from agricultural fields where animal wastes have been

applied. However, one studied has indicated that fecal bacteria removal is highly

variable and somewhat undependable (Gilliam, 1999).

5.5 FINE-TUNE FERTILIZER NITROGEN MANAGEMENT

It is thought that the transport of nutrients (phosphorous and nitrogen) and bacteria

from tile drain fields can be minimized by applying fertilizers at a rate consistent

with sustainable yields. Manure applications are a way of recycling nutrients back

into the soil; the nutrients can be used by plants and consequently by cows. Most

of the nutrients in feed are excreted in manure, very little in milk (Hart, 1997). An

average lactating cow excretes the following nutrients in manure per day: 300lb of

nitrogen, 45 lb of phosphorous, 165 lb of potassium. Thus one lactating cow'

manure can supply enough nitrogen for 1.5 acres of silage corn. The approximate

nutrient composition of manure in a storage pond is: 135 lb/acre-inch for total N

and 109 for NT-14. This means that one acre-inch of typical storage pond effluent

provides more than twice the nitrogen needed for one cutting of grass forage or

more than half the nitrogen needed for a corn silage crop (Hart, 1997). A number
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of practical Extension publications dealing with fertilizer and liquid manure

management can be obtained from the Oregon State University Extension Service

through their web page at eesc.orst.edu.

Given the results obtained from these experiments surface waters are seriously

affected by the presence of macropores that connect soil surface to tile drains.

Contrary to what was thought before, these experiments show that E. coli does not

biodegrade during matrix flow, but instead a portion of the surface applied effluent

is transported very rapidly through macropores to the tile drains, and ultimately

ending up in surface waters. Results from the Amino-G tracer experiments revealed

that tracer applied at runoff rates resulted in 4-17 times greater amounts of tracer

migration to the tile drain than if it was applied at non-runoff rates. In addition,

comparison between the two non-runoff Amino-G tracer applications showed that

the amount of tracer migration to tile drains from the smaller Amino-G tracer

application (1.9 mm) (also the more concentrated one) was lower than the larger

Amino-G tracer application (5.6 mm).



6 CHAPTER 6 SUMMARY

The earth dries up and withers,
the world languishes and withers;

the heavens languish together with the earth.
The earth lies polluted under its inhabitants;

for they have transgressed laws, violated the statutes
broken the everlasting covenant.

Therefore a curse devours the earth,
and its inhabitants suffer for their guilt.
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Isaiah 24:4-6

The extent of agricultural drainage has created concern for its potential undesirable

effects on surface water quality. Land applications of liquid manure on tile drained

fields have the potential to transport solutes and bacteria to the drains following

precipitation or irrigation events. Drain effluent is many times directly sent to a

surface water body, and have been documented as a source of contamination of

surface waters. This study analyzed the potential for and magnitude of bacteria (E.

coli and total coliform) and solute migration to tile drains through the soil profile.

Water from subsurface drains was analyzed for chemical and bacterial composition

following tracer applications.

Both tracers, bacteria (E. coli and total coliform) and Amino-G, were transported to

the tile drains very rapidly (less than 10 minutes) at a very high concentration

providing evidence of preferential flow. Peaks of tile water temperature during

precipitation and irrigation events provided additional evidence of preferential

flow. In addition, Amino-G concentrations at the tile outlet were consistently

greater than concentrations found in the suction lysimeters at corresponding times,

reaffirming the existence of preferential flow.



Regardless of the type of tracer application, Amino-G tracer was transported very

rapidly to the tile drain. Tracer applied at runoff rates resulted in 4 to 17 times more

total tracer mass migrating to the tile drain than when applied at non-runoff rates.

The total mass of Amino-G migrating to the tile drain during non-runoff

applications was between 2.8 % and 5.7 % of the total applied tracer.

E. co/i survival was prevalent in high concentrations even after two months of

liquid manure application. This might be attributed to the characteristics of the soil

high organic matter providing an environment conclusive to bacterial survival,

and well-structured clay soils characteristically containing long connected

macropores. Antecedent soil moisture and warmer temperatures also appeared to

provide ideal conditions for bacteria survival.
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Appendix 3.1 ODA notice of noncompliance and plan of correction.

Mike Gamroth
Extension Administration
Ballard Extension Hail
Oregon State University
Corvallis, Oregon 97331

Re: OSU Dairy

Department of Agriculture
635 Capitol Street NE
Salem, OR 97301-2532

NOTICE OF NONCOMPLIANCE
AND

PLAN OF CORRECTION

Dear Mike:

As you will recall, a representative of the Oregon Department of Agriculture (Department) inspected your
Confined Animal Feeding Operation (CAFO) on February 1 1999. The inspector found a violation of your
Water PollutIon Control Facilities General Permit #0800 (the Permit') and Oregon water quality laws.

The purpose of this Notice of Noncompliance (NON) and Plan of Correction (P00) is to identify for you the
conditions at the operation that are out of compliance and must be corrected. The Department is
committed to working with you as you take the actions necessary to bring your CAFO into compliance. If
you work with the Department and correct the problems discussed below, no further action will be taken.

Description of Violations

(1) Discharge of contaminated waters Into Oak Creek. An unidentified seepage point, located in a field
just south of a bike path that dissects the dairy fields, showed evidence of past waste discharges and
water samples taken from the seepage pool showed E. Cot results of 7,000 MPN/1 00 ml. The subsurface
seepage waters enter a pond that then flows overland and tnto Oak Creek. The location of the seepage is
on land identified in the document Amended Waste Management Plan for Oregon State University Dairy,
Benton County, Oregon as managed by the Dairy, It is assumed that the seepage could be a field tile
drain line outlet, given its proximity to the application fields north of the bike path.

This NON is being issued since the observed discharge point, the seepage pool, is located on grounds
under management and control of the dairy.

During the inspection there were two other items observed that were not violations, but do concern the
Department as to the dairy's ability to operate in compliance with the permit.

a) The Department is concerned about your ability to safely store wastewater during the winter
months because tile Dairy Manager said that the dairy has only 10-14 days of storage capacity.
According to your Animal Waste Management Plan, the dairy should have 80 days of storage. As
you know, rainfall in this most recent Winter has been higher than average and the ability to store
wastemater is extremety important 10 safeguard the waters of the state. The Department strongly
recommends that you implement measures to increase storage capacity before tall.

b) During the inspection several areas in manure application fields, south of the main tacilitles, were
observed to have many rodent holes. Since these rodent holes can serve to rapidly deliver appiled
wastewater to tile drain tines, the Department strongly recommends that you take steps to eliminate
these holes.
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Appendix 3.1 Continues

Gamroth/Struble
OSU Dairy
NON/POC
May 10. 1999
Page 2

Required Actions

To correct the conditions described above, you are directed to lake the following actions

(1) By luly 1, 1999, identify the source or sources of the seepage pooi. By August 15, 1999, take
appropriate measures to eliminate the wastewater discharge to the tile drain if the source is a field tile drain
from manure application areas, It an alternate source is found delivering waste waters to the seepage
point, then decide by August 15, 1999, what measures are required to eliminate the source of the
discharge.

COMPLIANCE REPORTING

You are required to meet alt compliance dates established in this P0G. Notify the Department in writing of
the status of each activity or corrective measure. This notification must be postmarked or delivered
personally not later than 14 catendar days following each compliance date set out in the compliance
schedule above.

COMPLIANCE EXTENSION REQUEST

In the event you do not meet a compliance date due to circumstances beyond your reasonable control
including but not limited to fire, flood, explosion or other acts of God, or a defay in delivery of materials or
services it ordered in a timely manner, you may request that the Director extend the compliance schedule.
Requests for extension must be made in writing and must be received not later than 14 calendar days after
the appticable compliance date.

COMPLIANCE FAILURE CONSEQUENCES

The Department is committed to working with you as you complete the actions required to bring your
operation into compliance with your CAFO permit and water quality laws. However, we remind you that it is
your responsibility to complete the corrective actions by the dates set out in this P0G. If you tail to
complete the corrective actions as required, the Department wilt take action.

Failure to perform any requirement of this Plan is a violation of Department rules, Oregon Administrative
Rules (OAR) 603-74-010(17). The Department may also consider a failure to complete any requirement of
this POC as failure to correct the violation within a reasonable period of time. Should this situation arise,
the Department may assess a civil penalty for the violation. The Department also has the authority to
revoke a CAFO permit, or to modify the permit to limit the maximum number of animals to the number
whose wastes the facility can contain, treat, hold and dispose of In compliance with the permit conditions.

AMENDMENT (other than extension of compliance dates)

This POC may be amended in writing by the Department. Examples of reasons for considering
amendment include proposals to use alternative corrective measures that provide an equivalent degree of
Water qualify protection, and changes in water quality regulations that necessitate changes in the Plan.

i1;Illii[.]
This POC terminates when you satisfactorily complete alt requirements of the Plan identified above
including reporting, and the Department notifies you of satisfactory completion in writing.
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Appendix 3.1 Continues

Gamroth/Strubte
OSU Dairy
NON/POC
May 10, 1999
Page 3

As you know, under the Oregon Plan for Salmon and Watersheds, Oregonians across the state are
working together in a new spirit of cooperal ion to restore and maintain our rivers, lakes, and streams for
multiple uses. By completing the measures described above, you can do your part to protect and improve
water quality.

Should you have any questions, please contact Chuck Harman in Salem at (503) 986-4780.

Sincerely,

Debbie Gortiam, Administrator
Natural Resources Division
PH (503) 986-4700
FX (503) 986-4730

DGg

cc: Debbie Strubte, Director OSU Dairy Center
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Appendix 3.1 Continues

k171 0537
CONFINED ANIMAL FEEDING OPERATION Oregon D.pastmsnt of Agr$cu*ure
FACILITY INSPECTION REPORT Natural R.noUrcaa Division

635 CapItol Sff..t NE
) a.t.m. Oregon 87301-2532

INSPECTION TYPE: " 10031600.4700

Routine EPA
..VFollow-u Educational Review

Complaint Other

AssumedBuasinensName 05i4 t)qi )/ Date
Operator's Name fr1//, #7.Pl1/ License #__________
Address (IZ 1'°'r vky (,arlre . Na i/ Pennitted # ofAsalmals
City (cr" (/' / 'k' ZIP '77 3 /
Phone# C5P3.) 77''/la
A confined animal feeding operation inspection was made at your facility on this date.
Items found in noncomphance with Oregon Revised Statutes Chapters 468 and 4680 are identified below.

LEGE'riD CoCamplianee NoNnocompliance N/A=Natappitcabte NE-Notevatuated °-Seorerstsrk

ITEM REMARKS

L Number .(AasImalu
/, r ..-dc ,' ,tioiti10C

pte I Iii /q9. -

4c J
f/e atp1774 fe.9.s7(_

172 /'". a.ia.'f

of I/ke pat4.

-/ , /d Sr e.4 ste.rio / / F

410. /4;.s 7"?" a ci '134 S

a ti-e. o.C?'°).t'
/ i4 /1g/,,,/, 71 gu £,4 I'.e C. /e

4i y4, -r .gu

,fx
pnue&1..

Ii7 the S /J./9 7

/ o , 0 (1. / _c

2. Parlor. Milk Roam. tInkling Pen
a. Milk parlor/bulk lank waite water plumbed to drain field

Animal Cooflnemenl Faduitbe
a. Liquid manure accumulation on anprepared bare-earth aaefaca
b. neu uncnetuined manure accumulation us animal access lanes

-
c Curbing not present or in need of repair

.

:

fr 4. ManureandSllageContainmentFactlllies
-a. Uncontainrd manure stockpiled prior In or dunn0 rainy weather

b. Uncontained manure stockpiled nor near drainagewaya
c. lJocontainrd seepage or contaminated runoff from silage bunker, feed stuff
d. Liquid manure facilities overflowing
e. Manure storage facilities not mostly empty at the start of rainy season

- cuembankrneminstpreperl;rnasnruinedorleaking
h. Facilities have opemngr through which mature or runoff can escape
i. Roof runoff system failure can or dons produce oncontoinnd contaminated

runoff or redone manure storage capacity

:

j. Pumps or agitators inoperable

-

I
5. Manure ApplIcation Areas

a. Manure applied to soils that are agueated. flded, or have standing water/
b. Manure applied to soils likely to be flooded in the rent enuple of months
c. Liqaid manure pending on soils

d. Contaminated surface and subsurface effluent (torn drainage tiles
e. Manure or contaminaled runoff flowing toward or into waters of the state
f. Deposits of manure that cnvrr veflelation or see several inches thick
g. Liquid manure applied during heavy rainfall
8. Manure applied during autumn or winter to soils with no growing crop
i. Manure applied In (morn or snow-covered soils

j. Liquid manure transfer lines separated or leakingI

Animal Waste Management Plan (AWMP)and Reeard Keeping

CONC SIONS
a. Facility in compliance. Thank you for your cooperation in protecting the quality of Oregon's urfacc

waters and groundwalers.
b. Concem(u) identified. See attached Water Quality Advinory.
c. Violation(s) identified. See attached Notice of Noncompliance andlon Plan of Correction.

1/
INSPECTOR STONATURE OPERATOR St NATURE

Form 7014 TO OFFICE
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APPENDIX 3.2 HOW A FLUOROMETER WORKS

According to the Army Corps of Engineers, "when a fluorescent material is placed

in a fluorometer, that spectral portion of the light source that coincides with the

peak of the known excitation spectrum of the test material is allowed to pass

through the primary filter to the sample chamber. This energy is absorbed by the

fluorescent material, causing electrons to be excited to higher energy levels. In

returning to its ground state, the fluorescent material emits light that is always at a

longer wavelength and lower frequency than the light that was absorbed. It is this

property that is the basis of fluorometry, the existence of a unique pair of

excitation and emission spectra for different fluorescent materials. Finally, only a

certain band of the emitted light, different from that used for excitation, is passed

through the secondary filter to the photomultiplier, where a readout device indicates

the relative intensity of the light reaching it. Thus, with different light sources and

filter combinations, the fluorometer can discriminate between different fluorescent

materials" (Army Corps of Engineers, 1987).
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APPENDIX 4.1 SOIL TEXTURE ANALYSIS PROCEDURE

Laboratory Methods:

1. The oven-dried soil was finely ground with a mortar and pestle.

2. 60g were placed into a dispersion cup.

3. 2OmL of sodium hexametaphosphate (calgon) solution (40g!L) was added and

the dispersing cup was filled to about 4 cm from the top with de-ionized water.

4. The dispersing cup was placed on the mixer and the solution was mixed for 10

minutes.

5. All the remaining soil particles were rinsed off the mixer blades into the

dispersing cup.

6. Mixture was transferred into a settling cylinder which was filled to 1000 mL

with de-ionized water.

7. The solution was stirred until it was well mixed and it was set aside for 24

hours.

8. Contents of the settling cylinder were thoroughly mixed using the plunger by

carefully inverting the cylinder.

9. Hydrometer readings were taken immediately after mixing the solution. See

Table 4.2 for time intervals of measurement and hydrometer data.

10. Readings were taken by carefully inserting the hydrometer into the solution 20

seconds before the designated time.

11. As per the instructions of the hydrometer, results were calibrated using the

following equation:

Actual Hydrometer reading = R + (temp°C 20)(0.36) S

where:

R = Hydrometer reading

S = Hydrometer reading in water solution.
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The soil texture was calculated using the percentage of soil remaining in

suspension (percent finer) at 40 seconds and 120 minutes. The reading at the end

of 40 seconds represented the amount of silt and clay in suspension. Therefore the

percentage of sand was determined by subtracting the percentage in suspension at

40 seconds from 100%. The percent of clay was determined at the end of the 120

minutes. Lastly, the percentage of silt was obtained by the difference between the

40 seconds and 120 minutes measurements

The Percent of soil finer was calculated using the following equation:

P = xl00%
w

where:

P = percentage of soil remaining in suspension (percent finer)

W = weight of total oven-dried soil sample (60 grams)

R = hydrometer reading (calibrated)

APPENDIX 4.2 PROCEDURE FOR SOIL CORE EXTRACTION

The soil sampler consisted of a barrel, a brass cylinder, two spacer rings, and a

hammer. The following procedure was used for extracting the soil core. The soil

core sampler was oriented vertically on the soil surface. Then, the hammer was

slipped into the handle of the sampler and driven into the soil by lifting and

dropping the hammer until the top of the barrel reached the soil surface. To remove

the sample, the sampler was pushed sideways and slowly pulled out of the surface.

Then, the soil core was unscrewed from the barrel and the brass cylinder containing

the soil core was carefully removed. Next, the core was dissected through the

upper and lower spacer rings, so as to remain with a clean cut from each side of the

cylinder. Finally, the cylinder was capped and taken to the laboratory for analysis.
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APPENDIX 4.3 FLUOROMETER 10-AU PARAMETER VALUES
USED DURING FLUOROMETER CALIBRATION (8/5/02 12:10)

Diagnostic:
Instrument temperature: 28 oC
Chopper RPM 603
High Volt: 286 (v)
Cal Std Val: 194.72 1
Blank: 93.573
PS: 3% of 15.561 at low
Span level %: 1

Output:
Full scale volt. 2 (v)
Zero point 0
Pull scale 200

Baud rate 9600
Set internal 5 (sec)

Standard sol. Conc: 101.000
Conc range: low (auto)
Time constant 4 (sec)




