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Concern has arisen about nitrogen applied to agricultural fields

because of its potential for surface and groundwater pollution when in

the nitrate form. Three plots on an experimental research facility

located in the Willamette Valley were selected for investigation. The

plots were hydraulically isolated from each other and had different

conditions of drainage. The soils of this area are typically poorly

drained, having a relatively impermeable layer at a shallow depth.

Two drainage conditions were investigated; that of a moderately well-

drained soil on one plot and that of a poorly drained soil on two other

plots. Measurements of water table heights, rainfall, and drain dis-

charge were taken. Tile effluent samples were collected and analyzed

for nitrate-nitrogen and pH.

Average nitrate concentrations were slightly higher in the tile

effluent from the moderately well-drained plot. Approximately

16. 5 kg NO3-N/ha moved from the plot by subsurface drainage dur-

ing the winter months of 1979. Data indicate that less nitrate-nitrogen
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was removed from the two poorly drained plots by subsurface drain-

age, with values of 12.4 kg NO3-N/ha and 7.0 kg NO3-N/ha reported.

The smaller losses from the poorly drained soil were attributed to

anaerobic conditions and an available source of carbon acting to

promote denitrification of residual nitrates.

An additional fall application of 56 kg N/ha on one of the poorly

drained plots did not result in an increased cumulative nitrate-

nitrogen discharge. The lack of increase in nitrates leached mdi-

cated that a yearly total of 174 kg N/ha did not exceed the maximum

amount of fertilizer utilized by winter wheat.
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NITRATE LEACHING AS AFFECTED BY ARTIFICIAL DRAINS

I. BACKGROUND AND THEORY

1. 1 Introduction

The agricultural industry in the United States is responsible for

the application of approximately six million tons of nitrogen fertilizer

to the soil every year. Some of this nitrogen eventually reaches the

groundwater or enters streams where it may be dangerous to public

health or have other deleterious effects.

Nitrogen that reaches the groundwater or streams has been

leached from the soil in a soluble form, the nitrate ion. The nitrate

ion is also the main form of nitrogen that is taken up by plants.

Research on experiment stations indicates that close to 50 percent

of the applied nitrogen can be accounted for in the crops grown

(Willardson and Meek, 1969). Some of the remaining 50 percent

may escape in a gaseous form to the atmosphere or undergo other

chemical or microbial transformations. Compounds remaining in

the soil may eventually be converted into the nitrate form which is

subject to movement as a solute. It is the nitrate that is leached from

the soil which becomes a hazard to the environment.
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1. 2 Nitrogen Transformations

Nitrogen is incorporated into the soil from commercial ferti-

lizers, crop residues, manure, and ammonium and nitrate salts

from precipitation. Nitrogen from each of these sources undergoes

the same chemical reactions in the soil as does nitrogen applied as

plant fertilizer. Most of the nitrogen in the soil is present in organic

matter and occurs in a large number of compounds such as proteins,

amino acids, amides, amines, alkaloids, nucleic acids, and others.

These proteins are converted into various decomposition products

and eventually some of the nitrogen appears in nitrate form. This

is only one of the nitrogen transformations that may take place as

fertilizers enter into the nitrogen cycle. Murphy (1978), Broadbent

(1978), and Rolston (1978) discussed the various processes to which

nitrogen is subjected. These are:

1) Mineralization- -Soil organisms enzyrnatically digest nitrogen-

containing organic materials such as plant residues and soil

humus. The energy released from this reaction is used by

the microbes while the end product of the reaction is ammon-

ium.

2) Immobilization- -Inorganic forms of nitrogen such as nitrate

are converted to organic nitrogen by plants or microbial syn-

thesis.
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3) Nitrification- - The two- step oxidation of ammonia to nitrate is

brought about by specialized bacteria. Nitrosamonas are in-

volved in the conversion of ammonia into nitrites and Nitrobac-

ter carry out the oxidation of nitrites to nitrates.

4) Nitrate reduction- - Other bacteria are capable of performing

the reverse reaction, reducing nitrate to nitrite and subse-

quently to ammonia. This process occurs under conditions

where the oxygen supply is limited.

5) Denitriiication- - Anaerobic bacteria reduce nitrate and nitrite

to volatile gases, usually nitrous oxide and molecular nitrogen.

Broadbent (1978) has represented the transformations by the following

diagram:

mineralization nitrilication
Soil Organic N NH,t+ NO2 (1.1)

immobilization nitrate reduction

The forward and reverse reactions proceed simultaneously, but at

different rates. Nitri.fication usually takes place at a faster rate

than mineralization, immobilization, or nitrate reduction. P racti -

cally, this results in a continued conversion of organic nitrogen to

nitrate, a highly mobile and stable form of nitrogen.

Most of the nitrogen applied to soil is either of the ammonic

form or is one which is rapidly converted to the ammonic form, such

as urea. Under aerobic soil conditions and in the presence of carbon

compounds with other favorable factors, soil or fertilizer derived
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ammonia at low concentrations is rapidly changed to nitrate (Thomas,

1970; Tucker and Hauck, 1978). As an anion, nitrate is mobile since

it is only weakly absorbed by soil particles. Four surveys cited by

Menzel (1978) support this by indicating that nitrate is the major form

of nitrogen in groundwater.

1. 3 Nitrogen Uptake by Plants

Nitrogen uptake by plants involves the movement of water-

soluble nitrogen species (NH4+ and NO3) to the roots followed by

their adsorption across the root surfaces. Mass flow and diffusion

are the two major processes by which nitrate and ammonium are

transported to the roots (Phillips et al., 1976; Davidson et al., 1977).

Convective flow of water towards roots in response to transpiration

results in the transport of amnionium and nitrate to the roots along

with the water. The concentration of the ions at the root surface de-

creases when the rate of root uptake exceeds the rate of supply of

these ions by mass flow. Diffusion of nitrate and ammonium towards

the roots then occurs as a result of the concentration gradient.

The nitrogen species taken up by plant roots are ammonium

and nitrate. However, due to the relatively rapid transformation of

ammonia to nitrate and the mobility of the latter ion, most research-

ers have considered only the uptake of nitrate. Davidsonetal. (1977)

has proposed a model that simulates the disposition of nitrogen
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species (arnmonium and nitrate) in the plant-root zone. The numer-

ical solutions of these equations describe one-dimensional transient

water and solute transport, and plant uptake of nitrogen and water.

One-dimensional water flow through saturated and unsaturated soils

is described by a nonlinear partial differential equation:

---- (K(e)-) aK(e) - W(z,t)at a a az
(1.2)

where 8 is the volumetric soil-water fraction (cm3/cm3), t is time

(day), z is vertical distance (cm), K is hydraulic conductivity (cm/

day), h is soil-water potential at a specified location z (cm), and

W(z,t) is plant root extraction (hr1).

Based on the theory that water-soluble nitrogen ions move

through the soil by mass flow and molecular diffusion, Davidson et al.

(1977) described the movement for the one-dimensional case by the

differential equation:

a(oc.) ac. 3(qC.) as.
1 aD

at i (8,v) az az
-p! pi, (1.3)

where C. is the solution concentration of the th nitrogen species

(p.g/cm3), D(e,v) is the dispersion coefficient (crn3/day) which is a

function of soil-water content and average pore-water velocity (v=q/O),

q is Darcy' s flux (cm/day), s is soil bulk density (g/cm3), Si is ad-

sorbed solute phase of the 1th nitrogen species (j.i.g/g), and de-

scribes the biological transformations influencing the 1th nitrogen



species.

A model incorporating soil solution concentrations of nitrate

(CNQ3) and ammonia (CNH4) to determine actual nitrogen uptake

rate () was described by a Michaelis-Menton type relationship,

which is based on an analogy to enzyme kinetics:

max
=

CNQ + CNH

K + CNQ+ CNH
(1.4)

where k is the sum of solution concentrations of nitrate and ammonia
maxat which N equals 0. 5 q . There are limitations on this Davidson

model, such as lack of data concerning the fractional uptake of nitrate

and ammonia when both ions are equally available.

In a later publication Davidson and Rao (1978) assume that the

rate of uptake of either nitrate or ammonia is proportional to the

fraction of the total inorganic nitrogen concentration existing in the

particular ion form. Based on this argument, plant uptake is postu-

lated by the following relationships:

N1 +02mcKNTN (1.5)

T

N K+TN
(1.6)

T

0N K+TN
(1.7)
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where Q represents the rate of plant uptake, T is the total amount

of a particular nitrogen species, and subscripts N, 1, and 2 refer to

the total inorganic-nitrogen (nitrate and ammonium), ammonium, and

nitrate, respectively. KN is a constant that describes the rate at

which Q diminishes when T decreases, and Q describes the
N N max

crop uptake demand for nitrogen under ideal growth conditions. The

advantage of equations 1.5, 1.6, and 1.7 over 1.4 is that reduced

uptake under stress conditions such as moisture deficiency can be

accounted for.

Watts etal. (1978) reported on field experiments of a soil-

plant-water system that had been developed for irrigated corn on

sandy soils of Nebraska. Cumulative nitrogen uptake and leaching

losses were estimated for different irrigation amounts, nitrogen

sources, and nitrogen application rates for a growing season at

North Platte, Nebraska. Measured and calculated values of the sea-

sonal nitrogen balance were in agreement when nitrogen losses due

to denitrification and biological immobilization were discounted.

With the introduction of these simplifying assumptions, a reasonable

first-order approximation was given of the disposition of soil nitrogen

within the root zone.

Since major variables of a soil-plant system like root densities

and soil temperature vary with time, it is important to know rates of

transformations and translocations of a nutrient within this system.



Ardakani and Fluhler (1976a) expressed the average rates of removal

of a nutrient from soils by plants and microorganisms in terms of a

material balance equation. The equation is:

a2cac4)
at ax2 ax

(1.8)

where a time rate of change in concentration C (ac/at) is related to
2 a

diffusive flux (D8 C/8x2) to convective flux (V C/ax) and to dis-

appearance or transformations through sinks such as plants or micro-

organisms (Z 4)).
In this equation D is a diffusion coefficient, V repre-

sents pore velocity, X is the depth in the soil profile, and 4) is any

source or sink for the nutrient. By using small depth increments

(X+ X) and small time periods (t+ t), steady state conditions were

approximated. With this assumption root densities and microbial

populations were assumed constant and a E4) value could be calculated

that was either time dependent or depth dependent. This would permit

the study of the relationship of the source term, 4),
and soil mois-

ture potential by investigating the latter with time and estimating the

values of Z 4) as a function of time. The authors maintain that other

effects, such as temperature and pH, could also be studied with this

procedure. This procedure was applied by Ardakanietal. (1976b) to

a soil-Sudangrass system to study the removal of nitrate by the crop

and by conversion to microorganisms. In this study the value of



= K1 + K2, where K1 was the rate of plant uptake of nitrate and K2

was the rate of reduction of nitrate by soil denitrifying organisms,

was measured.

1.4 Influence of Environmental Factors on Nitrogen Cycle

Several soil parameters affect the rates of transformation and

translocation of nitrogen in the field. The most important factors are

the water content of the soil, the development of zones where oxygen

is excluded, the amount and availability of carbon, soil temperature,

and pH (Ardakani and Fluhler, 1976a; Rolston, 1978; Hoogerkamp and

Woidring, 1967; and Boswell and Anderson, 1969).

Water content has a pronounced influence on the process of de-

nitrification. Blockage of the soil pores reduces the ability of the

soil to transmit oxygen to the zone of high microbial activity and

respiring plant roots. Thus, a high water content provides a suitable

environment for anaerobic bacteria which reduce nitrates under anoxic

conditions. Large losses of nitrogen have been attributed to denitrifi-

cation by Willardsonetal. (1972); Meek etal. (1969); Gambrelletal.

(1975a, b); and Gilliam et al. (1977).

The development of soil zones with all oxygen excluded is an-

other factor that affects nitrogen losses due to denitrification. The

total volume of anoxic soil, as well as the position of the zone within

the soil profile, is a factor that influences this process. Roiston
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(1978) has shown that the zone of lowest oxygen level would occur

near the soil surface in deep uniform soils with a water table below

ten or twenty meters. High oxygen use by microbes and roots and a

layer impermeable to water infiltration at the surface contribute to

this situation. Other places which may exclude oxygen are soils

above slowly permeable layers or clay layers within the soil.

The amount of carbon, and its position in relation to the nitrate

in the soil has a strong influence on the rates and amounts of nitrogen

denitriuication. Percentages of carbon are highest at the soil surface

in most soils and the likelihood of denitrification occurring decreases

as the nitrates are moved by irrigation or rainwater to deeper zones

in the soil profile. Pratt etal. (1976) found that denitrification oc-

curred predominantly in the top 60 cm of three soil profiles (sandy

loam, sandy loam with clay pan at 60 cm, and silty clay) to which

manure had been applied. A perched water table or a buried profile

containing a high content of organic matter within a soil profile would

be exceptions to the above argument. Gambrelletal. (l975a) re-

ported that relatively low levels of nitrate were found in the top meter

and very little nitrate persisted in the saturated zone beneath one

meter of a poorly drained loamy soil.

The addition of carbon through the plant roots is also known to

increase denitrification rates. The presence of a crop contributes

organic material from dead roots as well as decreasing oxygen
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concentrations through root respiration. The presence of a crop

growing on the soil at the time a fertilizer is applied can be expected

to increase the potential for denitrilication. Volz etal. (1976) corn-

pared planted and fallow soil plots and found greater counts at a given

depth of denitrifying organisms on barley plots than on fallow plots.

Although a large root density was observed in the fallow plot, the dead

and decaying roots (fallow plot) consisted of more resistant organic

matter while the barley roots provided less complex and more readily

available organic compounds for nitrate reduction.

Soil pH influences the rate of denitri.uication, which is small at

a low pH and increases as the pH increases (Broadbent and Clark,

1965). The total denitrification is only slightly affected by changes

within the pH range of six to eight.

Denitrification increases as the soil temperature increases due

to increased biological activity. Rolston (1978) states that denitrifica-

tion was still measurable in plots to which manure had been added at

a soil temperature of 8-10 C. Thus, denitrification may occur in the

winter months if other conditions are favorable.

1. 5 Leaching of Nitrate into Subsurface Drains

As environmental quality has become an important issue, con-

cern has risen over the contribution of agriculture to rising nitrate

concentrations in streams and groundwater. A field's potential for
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pollution can be calculated from a measurement of nitrate concentra-

tion and tile drainage discharge to estimate the amount of nitrate mov-

ing downward. A characteristic of nitrate movement in soil is the

time required to reach the groundwater or tile drains from the soil

surface. This residence time is an important factor determining the

impact of a change in surface practices on nitrate concentrations in

groundwater and in identifying the source of a pollutant found in the

soil. Where residence time is short, as in some humid regions, high

nitrate concentrations could show up in drainage water within a rela-

tively short period of time and corrective measures could be taken.

Where residence times are long, as in some Midwestern and Plains

states, nitrate contamination might not become evident until decades

after the process had started.

The "piston flow" model is used by many researchers (Jury,

1978; Watts etal., 1978; and Ardakani, 1976b) to describe water and

solute movement through soils. The assumption is made that a solu-

tion applied to the soil will displace the soil water in the pores, push-.

ing it through the soil like a piston. Jury (1978) used this model to

estimate the soil residence time for nitrate between the surface and

groundwater or tile drains. It was necessary to know the drainage or

discharge rate, the depth of the water table, location of tile drains,

soil water content and depth to the layer of reduced permeability.

Approximation of nitrate travel time through subsurface drains is
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difficult because the water flow path is curved from the surface to

the drain. Consequently, surface sites near the tile line will have

shorter flow paths and shorter travel times than locations near the

midpoint between drain lines. Jury (1978) incorporated a dimension-

less travel time value to calculate residence times in a few examples.

Residence time calculated for a deep rooted crop in a fine-textured

soil with drainage of 50 cm/yr varied from . 15 year near the drain to

3. 75 years at the midpoint. Ponded surface conditions do not allow

water to enter at the same time at different points along the surface

and will result in longer travel times to the drain from large distances

away.

Swoboda (1977) reports that anion movement in clay soils may

be as much as five times faster than the rate of movement predicted

by the piston flow model. He points out that chloride has been shown

to move with water and bypass the majority of the soil structural

units. He concludes that evidence shows water and anions do move

through clay soils in significant quantities.

In summary, the literature indicates that nitrogen is subject to

three processes: plant uptake, chemical or microbial transforma-

tion, or leaching of water soluble ions from the soil. The nitrate

form of nitrogen predominates in all three processes. Plant uptake

and microbial transformation have been simulated so that approxima-

tions of the rates can be calculated. The movement of the water
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soluble ion has also been modeled through a piston flow study. At

least one researcher (Swoboda, 1977) believes that nitrate movement

through clay soils is faster than predicted and that nitrate leaching

could pose a problem.

1.6 Integrated Excess Water Table Values

Frequently the significant factor in determining a drainage

requirement is the length of time that the water table is above a cer-

tam level in the soil profile. Sieben (1964) has studied winter fluctuat-

ing water tables in the Netherlands and consequent effects on crop

yields. He expressed the water table in terms of a single SEW30

value (sum of excess water-table rises above 30 centimeter depth)

which has the units of cm-days. High SEW30 values were an indica-

tion of greater duration and frequency of water table levels above the

30 centimeter datum.

Nibler (1974) elaborated on this theory in a study of crop drain-

age requirements in soils in the Willarnette Valley. He suggested that

if a continuous record of water table height above a datum as a func-

tion of time is available, the area above the prescribed datum could

be useful as an evaluation of drainage conditions. He defined a param-

eter LE30 expressed by the relation:

t2
1E30 = H30dt

tl
(1.9)
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where 1E30 is the Itintegrated excess water tableu above 30 centi-

meters and H30 is the water table height above 30 centimeters. The

1E30 value is an indication of both an average depth and the number

of continuous days above the datum. The 30 centimeter datum and a

181 day period of precipitation would have a total possible season

1E30 value of 5430 cm-days for a water table. This value would only

be obtained if the water table was continuously at the soil surface

from November 1 to April 30. This time period was chosen as four-

fifths of the annual precipitation falls during these months resulting

in water tables at or near the soil surface. Nibler found that crop

yield in the Willamette Valley was closely related to 1E30 values,

with annual wheat able to produce maximum yields with 1E30 values

up to 1300 cm-days. The possibility of determining a relationship

between nitrate levels and 1E30 values is examined in this thesis.

1. 7 Willamette Valley Conditions

Nitrate movement to subsurface drains in the Willamette Valley

would be expected to be influenced by the special conditions existing

here. Rainfall occurs predominantly during the winter months, re-

suiting in water tables that extend into the root zone during this sea-

son. The soils are fine-textured with a restrictive sub-surface layer

of clay present within a one-meter depth of the surface in many loca-

tions. During the latter part of the growing season the entire region
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above this layer is often occupied by roots and consequently this soil

is well supplied with organic matter. However, during the dormant

season, it is often fully saturated with water.

With the increased usage of artificial drains there has been

concern that nitrate levels in groundwater would increase. Results

of several tile drainage studies indicating the amount and concentra-

tion values of nitrate-nitrogen in tile effluent have been shown in

Table 1. When the residence time of water is decreased, nitrates

are less prone to nitrate reduction or immobilization, resulting in

a greater likelihood of nitrates reaching the groundwater. Several

studies have shown that the raising of the water table will act to

reduce nitrate concentrations in surface and groundwater runoff

(Gilliametal., 1977; Willardson etal., 1972; and Swoboda, 1977).

This has led to the fear that the proliferation of shallow drains to

lower perched water tables in the Willamette Valley may result in

a serious increase of nitrates in streams.

However, the special conditions existing in this Valley which

favor denitrification during the winter months could make the con-

clusions from such studies inapplicable here. In any case, the

public concern about potential nitrate pollution of surface and

groundwaters prompts an investigation of the effect of subsurface

drains on the amount of nitrate leaching in the Willamette Valley.



Table 1. Published tile-drainage studies indicating soil type, crop, amount of nitrogen fertilizer
applied, amount of NO3-N leached, and average NO3-N concentration

Source Soil Type Crop N applied NO3-N in Average
as referred effluent NO3-N
to in source kg hayr kg ha lyr ppm

Devittetal. Coarse- Corn 396 155 29

(1969) loamy Carrots
S. California Sandy Lemons 26 46 4

Coarse- Dates 149 62 49
silty
Sandy Cotton 492 71 21

Fine Milo 224 119 92

Sandy Cotton 169 35 16

over clay
Gambrelletal. Sandy loam- Corn 160 26 10-25
(1975) Clay loam Wheat
N. Carolina Loam- Corn 196 16 <1-13

Sandy loam

Willrich Loam Corn 20-100 - 6-28
(1969) Soybeans
Iowa

Meek Silty clay- Cotton 280 4 <1-2
(1969) loam
S. California

-4



II. OBJECTIVES

Research has involved monitoring nitrate concentrations of

drainage water from three plots at the Jackson farm facility.

Specific objectives of this research were:

1. Evaluate nitrates in drainage water from plots with

varying drainage conditions.

2. Identify conditions under which artificial drains will

accelerate loss of nitrogen.

3. Determine the effect of time and rate of nitrogen

fertilizer application on the nitrogen lost in drainage

water.
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III. ME THODS AND MATERIALS

A study of drainage conditions and nitrate levels indigenous to

the Willamette Valley was undertaken at a research facility located

on a 7. 3 hectare tract located 6. 4 kilometers west of Lebanon,

Oregon. Established in the summer of 1969, the facility allows

comparisons of differing drainage designs and drainage require-

rnents for various agricultural crops.

The research area consists of 27 plots, each with dimensions

of 24.4 x 48.8. meters as shown in Figure 1. The plots are grouped

into blocks of three, with each block separated by a surrounding ac-

cess strip. The plots have been hydraulically isolated from each

other through the use of vertical plastic barriers. The barriers

extend into the relatively impermeable clay layer underlying the

plots, so that lateral flow from one plot to another is minimized.

Each plot has four clay-tile drain lines spaced 6. 1 meters apart at

a depth of .76 meters, at a grade of 0. 00125. The soil is representa-

tive of a typical Willamette catena, with Dayton, Concord, and Amity

series present. Each of these soils has a relatively impermeable

layer at a shallow depth. The tile drains overlie the impermeable

layer.

The drainage water from each plot is collected in a solid plastic

pipe that is located along the northern boundary of the plot. The water
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flows from a vertical riser connected to the collector pipe into an

attached semicircular holding structure, as shown in Figure 2. A

20-degree V-notch weir allows drain discharge to be measured

through use of a Manning flowmeter.

The vertical riser shown in Figure 2 acts as a water table con-

trol device and allows a different degree of drainage to be imposed

on each of the three plots. The numerals 0, 1, and 2 shown in the

upper left corner of each plot (Figure 1) indicate the approximate

depth below the soil surface of the drainage outflow device. The

numeral 0 indicates that no water leaves the plot through the drain-

age system. The numeral 1 is an indication that the drains would be

used for discharge when the water table in the plot rises above 0. 305

meter depth. The numeral 2 designates a riser at a depth of 0. 610

meter, allowing drainage water to leave the plot whenever the water

table is above the drains.

Based upon an examination of water table data for different plots

of previous years, three plots were chosen to be monitored in closer

detail. The E3 plot, with a 2" drainage condition and a relatively

permeable substratum, was selected to represent a moderately well-

drained soil. The F8 plot, also with a t12u drainage condition, but

having a less permeable substratum; and the G4 plot with a !hlu desig-

nation, were to represent poorer drainage conditions.

These three plots were each planted with two varieties of winter
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wheat: Yanihill and Hyslop. Axnmonium sulfate fertilizer was ap-

plied to all plots at a rate of 89. 6 kg N/ha during the first week of

March. All plots received 179.2 kg/ha of axnmonium phosphate

(16-20-0) early in October and the F8 plot received an additional

application of ammonium nitrate at a rate of 56 kg N/ha one month

later.

A Stevens type F water stage recorder was used to take con-

tinuous readings of water tables on each plot from November through

April. The recorders were set up over observation wells located at

the mid-point between drains. The continuous water-table curves

were reduced in scale and redrawn in monthly periods as shown in

Figure 3 with the use of a Hewlett Packard calculator, digitizer, and

x-y plotter. 1E30 values were obtained by locating the 30 centimeter

datum line on the replotted curve and integrating the curve above the

datum with the Hewlett Packard digitizer.

Drainage outflow was monitored from the onset of the winter

precipitation in November until drain discharge ceased in early May.

A Manning portable discrete sampler was used to take drain samples

from the collector line of each plot. These samples of equal size

were drawn when a pre-deterniined amount of flow had been recorded

by the flowmeter, as an indication of varying flow rate with time.

Rainfall data were recorded by a tipping-bucket rain gauge.

Sample degradation was minimized by twice-weekly collection,
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filtration to remove any colloidal particles, and refrigeration for

any retention time prior to laboratory analysis. The samples were

analyzed for nitrate as described in Appendix 1 and the pH was checked

intermittently with a Corning pH meter. Samples from the three plots

were collected manually from November, 1977, through February,

1978. Arrival of the proportional samplers and flowmeters at that

time permitted collection of samples based upon drain outflow for the

and 18 plots until discharge ceased in early May. Data for the

three plots from November, 1978, through May, 1979, were more

complete, with the sampling equipment functioning properly during

this period.

Sample concentrations were multiplied by the amount of flow

over which the sample had been taken to obtain the nitrate-nitrogen

present. As the concentration was found to vary only slightly over a

weeks collection of samples, a sample value was sometimes applied

to several samples.
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IV. RESULTS AND DISCUSSION

Drainage discharge from three experimental plots was moni-

tored throughout the. 1977-78 and 1978-79 winter months. Nitrate

concentrations were tabulated for both periods and flow measure-

ments were taken during the 1978-79 period. This second measure-

ment permitted a calculation of the total amount of nitrate discharged

through drains.

The three experimental plots, E3, F8, and were originally

chosen on the basis of 1E30 values. The 1E30 value has previously

been shown to be an adequate evaluation of the condition of drainage

by indicating the number of days and average height of the water table

above a depth below the soil surface of 30 centimeters (Nibler, 1974).

Cumulative 1E30 for the plots for the last five years are shown in

Table 1. F8 and G4 plots were representative of poorly drained soils

with 1E30 values in 1974-75 in excess of 1500 cm-days. The E3 plot

has a lower value of 766 cm-days, an indication that the water table

was above the 30 centimeter datum for almost one month less than the

other two plots, resulting in better drainage. 1E30 values for E3 and

F8 plots have remained consistent over a period of five years as indi-

cated in Table 2. The 1E30 value for the G4 plot has declined consid-

erably although the plot still simulates a condition of artificial

drainage. Average 1E30 values for 1977-78 and 1978-79 indicate
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that the G4 plot has a value close to that of the better drained E3 plot

(Figure 4). A visual inspection of the plots in early June, 1979,

indicated vigorous growth of wheat on the E3 and G4 plot while the

F8 plot had sparse growth of wheat with many bare spots. A possible

explanation of this change is that the roots of the barley crop previous

to wheat have penetrated the impermeable layer permitting deep

percolation past the drain tiles.

Table 2. 1E30 values for three plots, cm-days

1974-75 1975-76 1976-77 1977-78 1978-79

E3 766 614 201 469 660

F3 2037 1899 698 1772 1832

G4 1835 1112 377 8l3 573

*Nov. data missing

Evidence of deep percolation in is that the water table eleva-

tion was usually lower than the outlet of the drains and the total dis-

charge from the drains was substantially lower than that from the

other plots. When rains occurred, the water table had first to be

raised above the level of the outlet before discharge from the drains

resulted. There is a strong possibility that water bypassing the

drains may have had a greater average nitrate concentration than

indicated by the samples collected from G4 because these samples

reflected only discharge after longer periods of rainfall when the
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nitrate concentrations are expected to be smaller than average.

Consequently, data from G4 have been discarded in arriving at the

conclusions concerning cumulative discharge and nitrate- nitrogen

in this thesis.

Rainfall data for the five year period are listed in Table 3.

The 1977-78 winter months experienced approximately 15 centime-

ters more precipitation than the 1978-79 period did. Nitrate-nitrogen

concentrations for each plot during these respective periods were

compared in Figures 5 and 6. Concentration values ranged from a

high from the F8 plot of 37 ppm (NO3-N) to a low of 0.5 ppm on the

E3 and G4 plots. These concentration values are comparable to the

effluent studies cited previously in Table 1. Average values for the

1978-79 season were: E3, 16.5 ppm; F8, 14.7 ppm; and 10.8

ppm. Lower concentrations were measured during the 1977-7 8 period

for all plots. Although drain discharge data were not available for

these months, the record of increased rainfall indicates a more ex-

tensive movement of water through the soil profile. Larger quantities

of water would tend to dilute the nitrate concentrations as indicated

by the data.
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Table 3. Rainfall during winter months at Jackson farm, cm

1974-75 70.9
1975-76 55.8
1976-77 27.8

1977-78 74.6
1978-79 61.4

To determine if nitrate-nitrogen values differed signifi-

cantly between the poorly drained and the moderately drained plots,

a statistical test was performed. An unpaired t-test of weighted

concentration values (according to the amount of flow over which

the concentration occurred) was calculated according to:

n

x= x.
1

i= 1

nz

-
yi

i= 1

x*y-d

2 _2 V.'2x. - nix - n2y

1+ - 2



where:
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x. = individual weighted concentration values from the

moderately well-drained plot

= individual weighted concentration values from the

poorly drained plot

= 16.49 for moderately well-drained plot

= = 14.62 for poorly drained plot

The null hypothesis is H = d was tested with a calculated

t value of 2. 04 with 85 degrees of freedom. This hypothesis was

accepted at the . 95 level of significance, indicating that the concen-

tration values of the two plots differed significantly.

An unpaired t-test compared concentration values obtained

during the first two weeks of February, 1979, to those values ob-

tamed during the last two weeks of that month. This period of time

was chosen as flow occurred over a greater number of days than

any other month for the 1978-79 winter months. A calculated t value

of 1.78 (=15.75, y=12.43) with ten degrees of freedom was obtained

for the moderately well-drained plot. A t value of 2.49 (5=13. 78,

V=7. 13) with ten degrees of freedom was calculated for the poorly

drained plot. The larger t value indicated concentration values that

differed significantly at the . 95 significance level. This would mdi-

cate that there is a need for sampling at frequent intervals (at least
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more often than every 7 days) to account for concentration variances

with time. However, a daily sampling with a record of the flowrate

would seem to be adequate for monitoring purposes. This reason-

ing is supported by the results of controlled laboratory experiments

reported by Corey (1976).

A pattern of nitrate concentrations with time can be perceived

for the plots. Higher concentrations were recorded with the onset

of sufficient precipitation and drain flow. This would indicate that

an initial flushing of nitrates occurs, removing the nitrates that had

accumulated in the soil profile as a result of recent fertilizer appli-

cations and decomposition of crop residues. As the water tables

rose resulting anaerobic conditions combined with an available

source of organic matter to provide an optimum climate for de-

nitrification to take place. Lower nitrate values for the plots dur-

ing the months of January, February, and March support this the-

ory. Occasional intense rains in the months of April and May re-

suited in slightly higher nitrate values. This reflects conditions

less conducive to denitrification as well as pulses of nitrates from

an early spring fertilizer application.

The cumulative flow discharged from the poorly drained and

the moderately well drained plots was plotted as a function of time

in Figure 7. The cumulative nitrate mass as a function of time is

shown in Figure 8. The E3 plot experienced the largest amount of
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flow and the highest cumulative mass of nitrates. There was a dis-

crepancy in the total amount of flow recorded from each plot. Since

each plot was isolated hydraulically, the amount of flow through the

drains on each plot should be approximately equivalent. Total dis-

charge values for 1978-79 were 119, 000 liters from E3, 100, 500

liters from F3, and 76, 000 liters from G4. Possible explanations

for this range of values are overland flow from one plot to a neighbor-

ing one and deep percolation in the case of G4. Future studies cou.Id

partially avoid this with the erection of a small retaining wall around

the boundary of each plot to impede overland flow.

Although the F8 plot received an additional application of ferti-.

lizer in the fall, the amount of leached nitrates did not increase

accordingly. This finding is in agreement with research conducted

inCalifornia (Univ. of Calif., March-April, 1979) which found that

up to the point of maximum yield, the addition of nitrogen fertilizer

did not greatly increase the amount of nitrate leached as long as

irrigation was not excessive.

A spring fertilizer treatment was applied to the three plots on

March 9, 1979. Available nitrates subject to leaching first appeared

in the form of noticeably higher concentrations from the G4 plot

on April 9, 1979. The discharge from the F8 plot showed a large
increase in concentrations on April 12, 1979. A similar pattern

was also recorded on the F8 plot the previous year. A March 10,1978,



fertilizer application was reflected in increased concentrations on

April 20, 1978. A laboratory study by Corey (1976) of soil columns

1. 3 meter long was in agreement with the time required for nitrates

to move through the soil. He found increased nitrate-nitrogen con-

centrations 22 days after addition of NH-N to the soil.

Calculation of a nitrogen balance for a field system is compli-

cated due to the several possible fates of nitrogen in soils. While

acknowledging the limitations involved in a nitrogen balance, a

Carolina Coastal Plain study by Gambrell, Gilliam, and Weed (1975)

(Table 1) reported on nitrogen removal by the harvested crop,

surface runoff, and subsurface drains. The amount removed from

a moderately well-drained site and a poorly drained site were simi-

lar to the measured amounts of this study. The E3 plot experienced

a 14% loss of nitrogen through subsurface drains compared to an

18. 6% loss of nitrogen on a moderately drained site in North

Carolina. The poorly drained Oregon plot (F8) experienced a

7. 1% nitrogen loss through subsurface drains. This coincides with

an 8. 3% loss on the poorly drained North Carolina site.

The results found in this research need to be evaluated in the

light of the factors known to affect nitrate leaching from drains, as

discussed in Chapter 1. In summary, these factors include:

1. The amount, form, and timing of nitrogen applications

2. The crop grown and stage of growth
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3. Soil characteristics, including the cation exchange capacity

and organic matter content

4. Drainage conditions as reflected by the water table eleva-

tion above the drain outlets and the redox potential within

the soil

5. The amount and timing of water applications, including

irrigations and losses due to evapotranspiration.

6. The pH, temperature, and other chemical characteristics

of the soil water solution and the adsorbed ions.

Obviously any model used to predict nitrate leaching would have to

account for all of these factors, any one of which could have a domi-

nating effect in a particular case. The present research has at-

tempted to evaluate only the effect of drainage with the status of the

other variables being that commonly existing in the Willamette

Valley.



V. CONCLUSIONS

The nitrate concentrations and cumulative mass of nitrate-

nitrogen in artificial drains from a moderately well-drained soil as

compared to a poorly drained soil in the Willamette Valley showed

a greater quantity of nitrate in the drainage water from the well

drained soil. The concentration of nitrates in the drainage water

from the Willarnette soils was greatest immediately after the onset

of the rainy season in the fall and decreased progressively to a very

low level by the end of the rainy season in the spring. However,

spring application of fertilizer resulted in a temporary pulse of

nitrate in the effluent from the poorly drained plot shortly alter

application. The nitrate - nitrogen concentrations in drainage efllu-

exit, especially from the well-drained plot, were frequently in the

mg/i range and often greater than the 10 ppm NO3-N standard

recommended for drinking water. These concentrations could

possibly result in nitrate pollution of surface and groundwater from

large-scale installation of artificial drains in the Willamette Valley.

However, the data obtained to date are not sufficient to permit

a determination of how significant the impact of the drains might

be relative to other sources of nitrate pollution. To make such a

determination, it will be necessary to evaluate the nitrate reaching
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streams and groundwater from other sources including municipal

and industrial wastes and surface runoff.
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VI. RECOMMENDATIONS

Further research in this area should be directed toward the

following areas:

1. Obtain nitrate concentrations and drain discharge values

over a longer period and for additional soil series within

the Willarnette catena.

2. Monitor drain discharge and crop performance for experi.-

mental plots to which a greater variation in fertilizer

amounts has been applied.

3. To achieve a more complete nitrogen balance, obtain

values of nitrogen contained in surface runoff and in

harvested crops.

4. Determine what percentage of the total nitrate concentra-

tions in surface stream.flow can be attributed to agricul-

tural drainage effluent and how the contribution compares

with other known nitrate sources.
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APPENDICES



Al Methods of Analysis

Al. 1 Nitrate Nitrogen Measurement by Specific Ion Electrode

1.1.1 Apparatus-- The apparatus used for the nitrate

electrode method consisted of a Corning model 12 pH meter

with an Orion model 92-07 nitrate specific ion electrode, an

Orion 90-01 sleeve-type reference solution, and a magnetic

stirrer.

1.1.2 Reagents--(l) Reference electrode filling solution:

Greater sensitivity resulted when the reference electrode was

bridged with a saturated sodium sulphate solution instead of the

saturated KC1 solution used by others (Sommerfeldt, 1971;

Orion, Sept. 69). (2) Nitrate standards: A series of NO3-N

standards ranging from containing 0.1 to 1000 ppm derived from

NaNO3 were prepared with reference to Corey (1976).

1.1.3 Procedure reported in Corey (1976) was followed.

The nitrate electrode responded initially to nitrate-ion activity

according to the Nernst equation (2). At 25 C, the potential de-

creased approximately 59.2 mV for every 10-fold increase in

nitrate-ion activity. Over a period of several months, a rela-

tively constant standard curve was obtained, the slope of which

was in agreement with the theoretical. However, unsatisfactory

results with considerable drift and lack of reproducibility were

encountered during the spring of 1978.
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Al. 2 Nitrate by Colorimetric Determination

1.2.1 General Discussion--Two very sensitive reagents

specific for nitrate ions have been developed and were used to

determine nitrate content of drainage water from November 1978

to April 1979. Szechrome NAS is suitable for samples in the

range of 1 to 20 mg NO3/1, while Szechrome NB is specific for

samples in the range of 0. 1 to 1. 0 mg NO3/l. Interference by

various oxidizing and reducing agents, and by inorganic and

organic acids was found to be slight (Research and Development

Authority, June, 1976). The reagents reacted quickly and

yielded stable colors that were very reproducible.

1.2.2 Apparatus--A Coleman model 6/20 spectropho-

torneter and 2. 5 centimeter glass cuvettes were used to indicate

transmittance of standards and samples.

1.2.3 Reagents--(1) NAS Reagent Solution--Combine

equal volumes of analytical grade concentrated phosphoric acid

(85-86%) and concentrated sulfuric acid (94-97%) and let stand

for one week. The maximum recommended nitrate content is

0.2 mg NO3/l in sulphuric acid and 5 mg NO3/1 in ortho-

phosphoric acids (Nov., 1977). Although analytical grade acids

generally contain fewer N0 impiriti.es than this limit, the acids

are not suitable for reagent solutions immediately after mixing

together. An adequate purification procedure is to let the acid



mixtures stand in a closed flask for several days, which results

in a subsequent drop in nitrate content (Research and Develop-

ment Authority, Nov., 1977). A colorless reagent solution will

then be obtained. (2) NB Reagent Solution- -Mix 4 volumes of

analytical grade concentrated phosphoric acid (85-86%) with 6

volumes of concentrated sulphuric acid (95-97%). Let stand for

one week. (3) Nitrate Standards- -Prepare a stock solution of

1000 mg NO3/l by dissolving 1.631 gram of anhydrous KNO3 in

distilled water and dilute to one liter. Make up nitrate stand-

ards to cover the range of nitrate values over which each reagent

is selective. Add one drop of carbon tetrachioride to each 100 ml

of standard to inhibit bacterial growth.

1.2.4 NAS Procedure--Transfer 1 liter of the acid mix-

ture into a flask and add 5 gram NAS reagent. Close the flask

tightly and shake until the powder goes into solution. The re-

agnet is ready for use when the liquid clears and the released

gas is absorbed. Pipet one ml nitrate sample, containing up to

20 mg NO3/1, and 10 ml reagent into a 2.5 centimeter cuvette.

Shake, or seal and invert to mix. Full violet color develops in

five minutes, is stable for one hour, and should be read at a

wavelength 570 nm.

1.2.5 NB Procedure--Transfer 1 liter of the acid mix-

ture into a flask and add 5 gram NB reagent. Close the flask
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tightly and shake until the powder is solubilized. The reagent

is ready for use when the liquid clears and the released gas is

absorbed. Pipet 2 ml nitrate sample, containing up to 1 mg

N0/1, and 10 ml reagent into a 2.5 cm cuvette. Shake, or

seal and invert to mix. Full blue color develops in approxi-

mately 30 minutes and is stable for 30 to 60 minutes. The 2.5

cm cell should be reat at a wavelength 600 nm.

Al. 3 pH Measurement

The pH of the water samples was measured with a

Corning model 12 expanded scale pH meter with Corning glass

and calomel electrodes.
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Table AZ. 1 Monthly 1E30 values for E3 plot

Month 1977-78 1978-79
(cm-days) (cm-days)

November 53 12.2
December 163 84
January 167 121
February 58 346
March 0 60
April 28 35

Table A2.2 Monthly 1E30 values for F8 plot

Month 1977-78 1978-79
(cm-days) (cm-days)

November 224 35
December 523 375
January 569 366
February 267 653
March 0 191
April 189 213

Table AZ. 3 Monthly 1E30 values for 04 plot

Month 1977-78 1978-79
(cm-days) (cm-days)

November 13
December 259 133
January 238 132
February 157 162
March 10 51
April 149 82
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Table A2. 4 Monthly rainfall during winter months for
1977-78 and 1978-79, Jackson Farm, cm

Month 1977-78 1978-79

November 17.06 13.92
December 21.34 4.85
January 14.91 5.92
February 7.52 18.62
March 2.49 6.15
April 10.64 8.02
May .64 3.89

Total 74.60 cm 61.37 cm



Table A2. 5 E3 plot drain discharge and nitrate concentrations,
1977-78

Date Volume NO3-N NO3-N Cumulative
(liter) (ppm) (gm) NO3-N (gm)

December 3

6

23
27

January 4
10
12
16
17
19
20
23
27
30

February 3

6
10
13
17
20
22
27

March 9

April 18
19
20
24
27

801.6
198

1400. 5
1400. 5

86.4

262.8
1053. 0
216. 6

1996. 8
2275. 8

24
19

6. 8
4. 6

22
18
16
12
10
7.2
7.2
9. 6

12
8. 4

2.2
2.6
6.2
6.4
3. 6
1.2
2.9
2.9
3.3
2.5

<1
2.0
3.4
1.5

May 15 1.5

2.9
.2

4. 1
4. 1

.3

.7
1.0
.4

6. 8
3.4

2.9
3. 1
7.2

11.3

11.6

12. 3
13.3
13.7
20. 5
23.9

54
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Table A2. 6 F8 plot drain discharge and nitrate concentrations
1977 -78

Date Volume NO3-N NO3-N Cumulative
(liter) (ppm) (gm) NO3-N(gm)

December 3 22
6 18.5

23 6.4
27 4.6

January 4 5.8
10 10
12 9.6
16 9.5
17 2.8
19 4
20 6

23 6.8
27 7.4
30 8.5

February 3 .7
6 1.9

10 5.5
13 6.0
22 263.4 5 1.3 1.3
27 4.5

March 9 6.2

April 5 5

16 4.2
17 66.0 6.6 .4 1.7
18 482.4 8 3.9 5.6
19 87.6 7 .6 6.2
20 789.6 21 16.6 22.8
21 43.8 10 .4 23.2
22 175.2 25 4.4 27.6
23 702.0 17 11.9 39.5
24 2980.4 14 41.7 81.2
27 3370 13 43.8 125.0

May 3 871.8 19.5 17.0 142.0
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Table A2.7 04 plot nitrate concentrations, 1977-78

Date NO3 - N
(ppm)

December 3 15
6 16

23 4.5
27 3.9

January 4 7.4
10 11
12 11
16 5

17 3.6
20 13
23 5.0
27 4.4
30 7.2

February 3 .5
6 .9

10 3.2
13 4.3

April 17 1.5
18 1.3
19 1.1
20 1.9
21 1.2
24 .9
25 2.4
26 2.6
27 1.9

May 15 1.7
16 1.5
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Table A2. 8 E3 plot drain discharge and nitrate concentrations,
1978-79

Date Volume NO3-N NO3-N Cumulative
(liter) (ppm) (gm) NO3-N (gm)

November 20 2092.8 26.0 54.4 54.4
28 348.8 24.8 8.6 63.0
29 2441.6 30.23 73.8 136.9
30 1569.6 27.24 42.8 180.6

December 1 2092.8 27.9 58.4 239.0
2 1395.2 26.4 36.8 275.8
4 5929.6 25.81 153.O. 425.3
9 5580.8 24.48 136.6 559.9

10 4185.6 22.6 94.6 654.5
1]. 12556.8 20.4 256.2 901.5
12 2092.8 18.1 37.9 939.3
13 697.6 18.5 12.9 952.2
15 348.8 20.8 7.3 959.5
21 697.6 26.6 18.6 978.1
27 1395.2 22.6 31.5 1009.6

January 12 1046.2 15.4 16.1 1025.7
14 348.8 12.0 4.2 1029.9
15 348.8 16.3 5.7 1035.6
17 1046.2 18.5 19.4 1055.0
24 348.8 19.6 6.8 1061.8
31 1744.0 20.9 36.5 1098.3

February 5 1395.2 23.3 32.5 1130.8
6 2790.4 15 41.9 1172.7
7 2790.4 12.4 34.6 1207.3
9 2179.7 16.9 36.8 1244.1

10 1830.4 14 25.6 1269.7
11 3660.8 12.9 47.2 1316.9
14 1830.4 15.8 28.9 1345.8
19 1830.4 11.3 20.7 1366.5
21 2288 12 27.5 1394.0
22 1830.4 14 25.6 1419.6
25 7321.6 11.85 86.8 1506.4
28 7321.6 9.6 70.3 1576.7

March 3 4576 12.1 55.4 1632.1
5 9152 11.4 104.3 1736.4
7 7321.6 8.2 60.3 1796.7

12 4118.4 11.85 48.8 1845.5



Table A2. 8 (Continued)

Date Volume
(liter)

NO3-N
(ppm)

NO3-N
(gm)

Cumulative
NO3- N (gm)

April 9 1372.8 12.1 16.6 1862.1
12 4576.0 12.2 56.5 1918.6
16 457.6 14.7 6.7 1925.3
19 2288.0 13.2 30.2 1955.5
Total 119,240.1
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Table A2. 9 F8 plot drain discharge and nitrate concentrations,
197 8-79

Date Volume NO3-N NO3-N Cumulative
(liter) (ppm) (gm) NO3 - N (gin)

November 29 697.6 36.2 25.3 25.3
30 348.8 35 12.2 37.5

December 1 697.6 37.7 26.3 63.8
4 348.8 34.8 121.4 185.4
5 1395.2 22.4 31.2 216.4
6 5232 35.4 185.5 401.9
9 1395.2 21 29.3 431.2

10 2441.6 10.4 25.4 456.6
11 348.8 7.7 2.7 459.3
12 2092.8 9.78 20.5 479.8
15 348.8 27 9.4 489.2
27 1395.2 28 39.1 528.3

January 10 1395.2 2.05 2.9 531.2
12 3488.0 2.13 7.4 538.8
14 348.8 3.4 1.2 540.0
15 1395.2 5.7 8.0 548.0
17 697.6 17.4 12.1 560.1
20 1395.2 17.6 24.6 584.6
21 1395.2 17.4 24.3 608.9
24 1395.2 18.5 25.8 634.7
25 1395.2 26.2 36.6 671.3
28 2092.8 24.1 50.4 721.8

February 5 1395.2 24.2 33.8 755.6
7 2092.8 17.6 36.8 792.4
9 1395.2 10.2 14.2 806.6

10 1830.4 9.0 16.5 823.1
12 10067.2 7 70.5 893.6
13 457.6 14.7 6.7 900.3
14 1830.4 8.6 15.7 916.0
17 1830.4 6.8 12.4 928.4
20 1830.4 5.0 9.2 937.6
21 1372.8 8.1 11.1 948.8
23 4118.4 7.0 28.8 977.6
27 5491.2 9.3 51.1 1028.7



Table A2. 9 (Continued)

Date Volume NO3-N NO3-N Cumulative
(liter) (ppm) (gm) NO3-N (gm)

March 1 1373 4.85 6.7 1035.4
7 7779 6.55 50.6 1086.0

12 915 13.2 12.1 1098.1
19 1830.4 15 27.5 1125.6

April 9 915.2 19.2 17.6 1143.2
12 4576.0 a2.. 6 103.4 1246.2
16 915.2 24.8 22.7 1268.9
19 2745 26.7 73.3 1341.9
26 457.6 31.6 14.5 1356.4

May 5 3660.8 17.6 64.4 1426.1
6 3660.8 14.2 52.0 1478.1
7 1830.7 22.8 41.7 1519.8

Total 99,250.7
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Table A2. 10 G4 plot drain discharge and nitrate concentrations,
1978-79

Date Volume NO3-N NO3-N Cumulative
(liter) (ppm) (gm) NO3-N (gm)

November 29 174.4 29.4 5.1 5.1
30 348.8 27.6 9.6 14.7

December 1 1395.2 18.5 25.8 40.4
2 2441.6 19.6 47.9 88.3
5 1395.2 15 20.9 109.1
6 2093 17.6 36.8 145.9

11 3488 8.6 30.0 175.9
13 1395.2 12.9 18.0 193.8
15 697.6 17.2 12 205.8
21 1046.4 21.3 22.3 228.1
24 1395.2 17.6 24.6 252.7
25 697.6 20 14.0 266.7

January 12 697.6 6.1 4.3 271.0
14 1395.2 8.35 11.6 282.6
15 697.6 10.6 7.4 290.0
16 1395.2 12 16.8 306.8
17 348.8 16.3 5.7 312.5
18 1395.2 17.6 24.6 337.1
19 1395.2 17.4 24.3 361.4
20 1046.4 18.5 19.4 380.8
24 1395.2 18.3 25.5 406.3
27 1395.2 17.6 24.6 430.9
28 697.6 17.4 12.1 443.0

February 5 1395.2 19.4 27.1 470.1
7 4534.4 11.1 50.3 520.4
8 1046.4 12.9 13.5 533.9
9 697.6 7.9 5.5 539.4

11 1395.2 7.9 11.0 550.4
12 1744 5 8.7 559.1
14 1046.2 8.4 8.8 567.8
15 1744 11.3 19.7 587.5
16 2790.4 4.5 12.6 600.1
19 4883.2 5.65 27.6 627.7
20 1395.2 6.8 9.5 637.2
21 348.8 5.0 1.8 639.0
23 1395.2 8.13 11.3 650.3
27 2790.4 5.65 15.8 666.1
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Table A2. 10 (Continued)

Date Volume NO3 -N NO3-N Cumulative
(liter) (ppm) (gm) NO3-N (gm)

March 3 2092.8 5.3 11.1 677.2
5 1744 5.3 9.2 686.4

16 4185.6 8.07 33.8 720.2

April 2 2790.4 .56 1.6 721.8
9 1395.2 10.8 15.1 736.9

10 1395.2 16.5 23.0 759.9
11 348.6 16 5.6 765.5
16 1395.2 18.6 26.0 791.5
19 697.6 19.2 13.4 804.9

May 3 4184.8 7.02 29.4 838.2
Total 7586.3
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Table A. 2. 11 pH measurements for drainage effluent

Date Plot pH

February 20, 1978 E3 6.46

27, 1978 F8 6.48
27, 1978 E3 7.03

March 19, 1978 E3 6.93
F 6.33

6.11

February 12, 1979 E3 5.3

G4 5.7

23, 1979 5.68
F8 6.02
04 5.99

March 15, 1979 E3 6.65
7.01

04 6.90

April 12, 1979 E3 6.16
F 6.03

6.19




