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INTRODUCTION 

The Ogallala Formation is one of the large groundwater reservoirs of 
the world. "Paralleling the eastern front of the Rocky Mountains, it 
extends from Southern South Dakota to Southwest Texas, a distance of some 
825 miles. East to west, it averages about 190 miles in width. Its total 
area of about 158,000 square miles coVers parts of Colorado, K~nsas, 

Nebraska, New Mexico, Oklahoma, South Dakota, Wyoming, and Texas. This 
total area is about the size of the State of California." (1) 

The formation consists of river deposited clay, silt, sand, and 
gravel in the order of alternating, commonly lenticular, beds of silt, 
clay, sand, gravel, and caliche. The maximum known thickness of more than 
900 feet occurs in southwestern Ochiltree County in northern Texas. For 
the most part, water bearing areas of the Ogallala Formation in Texas are 
hydraulically connected, except where the Canadian River has separated the 
formation in the North Plains from that part in the South Plains, Figure 1. 
liThe zone of groundwater saturation in the formation ranges in thickness 
from only a few feet to more than 400 feet. The thickest saturated 
sections of the aquifer occur in the northeastern part of the South Plains, 
principally in southern Carson County. In the large area north and west 
of Lubbock, the saturated interval generally ranges between 100 and 300 
feet. In areas south of Lubbock, this saturated zone is general ly between 
50 and 150 feet thick." (2) 

Depth to water in the aquifer ranges between 100 and 200 feet through
out much of the South Plains, but in parts of the essentially undeveloped 
areas of the North Plains, depths to water commonly exceed 300 feet. 
Yields of wells range from less than 100 gallons per minute to more than 
2,000 gallons per minute, averaging about 500 gallons per minute. (2) 
liThe groundwater moves slowly through the formation in a generally south
eastern direction toward the eastern escarpment of the High Plains. Ground
water in the Ogallala generally contains between 300 and 1,000 mg/l of 
dissolved solids, of which calcium, magnesium, and bicarbonate are the 
principal constituents. The water is hard but suitable for most uses." (2) 
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Figure 1. Southern Ogallala Formation (1). 
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Because of its impressive geographic expanse and geological properties, 
the Ogallala Formation is of great economic importance to the region. It 
is the primary source of freshwater for all uses and much of its surface 
exposure is comprised of rich, level soils, highly suited for irrigated 
agriculture. Although most of the groundwater pumped in this area is used 
for irrigation of agricultural lands ~ many cities and towns and thousands 
of farmers also pump water from the same aquifer for household use. The 
aquifer presently furnishes water to more than 800 municipal wells, 400 
industrial wells, and 63,000 irrigation wells. (1) On the basis of pre
liminary studies of the hydrology and hydraulic characteristics of the 

aquifer there is estimated to be on the order of 280 million acre-feet of 
water remaining in the aquifer in Texas which is economically recoverable 
from storage. (2) 

Treated municipal effluent is presently used for irrigation at approxi
mately eighty locations in the High Plains region of Texas, with little or 
no thought being given to the possibility that the storage and use of such 
effluents for irrigation may result in damage to the quality of water in 
the formation. All effluent from the City of Lubbock has been used for 
irrigation for more than thirty years, and a portion of this effluent has 
been used for irrigation of the Texas Tech University farms since 1963. 

The farm operator who has been using effluent from the City of Lubbock 
for irrigation for more than thirty years has generally had an excess 'ive 
quantity of effluent available. As a result, much of the effluent he ha s 
stored in unlined ponds and spread on his land has percolated into the 
underlying formation, causing the water table under and in the vicinity 
of his farm to rise almost to the ground surface. The recharged water has 
carried with it high concentrations of nitrates as well as other dissolved 
minerals. 

Knowledge of this condition, and recent construction of a similar but 

smaller-scaled facility on the Texas Tech University farms appeared to 
provide an ideal full-scale outdoor l aboratory for a study of the rate and 
extent of movement of pollution from unlined sewage storage ponds into the 
Ogallala aquifer. 
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Purpose 
The purpose of the research on which this report is based was to try 

to establish the rate at which pollutants move from an unlined treated 
sewage storage pond into the underground formation and the rate at which 
such pollutants move laterally through the formation. Of secondary im
portance was an attempt to determine the rate at which water was infiltra
ting into the formation from the storage pond. 

Scope 
The research was conducted on the Texas Tech University campus, which 

comprises approximately 1,839 acres. Approximately 1,500 acres of this 

land is used for agricultural purposes and it is irrigated from twelve 
wells, in addition to the treated municipal effluent that is available. 
Samples were obtained routinely from the sewage storage pond located on 
the campus, from a test well drilled at the southeast corner of the pond, 
from each of the irrigation wells on the campus, and from three City of 
Lubbock supply wells located just east of the campus, Figure 2. 

Although municipal effluent contains many compounds that are potential 
pollutants of groundwater, this research was focused on nitrate as a pollu
tant because of its known high concentration under and near the City of 
Lubbock disposal operation, because of its importance to health with 
regard to animals, human beings, and plants, and because its initia l re
latively low concentration in groundwater in the area would make it fairly 
easy to detect small changes in absolute concentrations in the groundwater. 
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REVIEW OF RELATED WORK 

Domestic wastewater has been used for the irrigation of crops on a 
large scale basis for at least a hundred years. (4) Many major cities 
in the United States were in the business of sewage farming around the 
turn of the century, but the practice declined in favor with the advent of 
relatively low cost methods of secondary treatment and with rising land 
values in the vicinity of large cities. 

While the practice of utilizing municipal wastewater for irrigation 
was likely started because of its attractiveness as a low cost waste 
treatment system and because of the fertilizer value of nutrients contained 

in domestic wastewaters, its continuing popularity in the West Texas area 
can be attributed to two entirely different reasons. First, the lack of 

a well-defined surface drainage system in the High Plains area makes it 
difficult or impossible to discharge municipal wastewaters to a water 
course in many areas. Hence, many cities and towns have no alternative for 
wastewater disposal but to discharge the water to a playa lake or other 
surface storage facility and either allow it to evaporate or make arrange
ments with a local farmer or group of farmers to utilize it. The waste
water produced by approximately eighty municipalities in the High Plains 
area is presently utilized for irrigation. (5) Second, the shortage of 
water in the area makes municipal wastewater an attractive source of i rri
gation water. In contrast to earlier practices, High Plains farmers are 
more interested in municipal sewage as a source of water than as a source 
of crop nutrients, although farmers who utilize this resource for irrigation 
do not find it necessary to apply any commonly used commercial fertilizers. 

As a practical matter, successful operation of a farm that utilizes 
domestic wastewater for irrigation depends upon highly skilled management. 
In general, in a semi-arid area such as West Texas, a substantial fraction 
of the total land available must be kept out of cultivation each year so 
that it will be available as a disposal site during wet weather and during 
times when growing crops simply do not need supplemental water. Up to one
third of the total land in cultivation may be needed for disposal operations. 
(6) Historically, such disposal operations have been operated with little 
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or no thought being given to the possibility that the operation may result 
in deterioration of the quality of underlying sources of water. 

Recently, increas i ng public concern with environmental quality and 
widespread knowledge i n the scientific community that nitrates derived from 
both animal feedlots and sewage disposal systems were responsible for 
bui ldups of nitrate concentrations in groundwater, and the widespread know
ledge that nitrates are harmfu l to infants and to several domestic animals 
have focused increased attention on the potenti al problems associated with 
sewage farming operati ons. (7, 8, 9, 10) It is common knowl edge that high 
concentrations of nitrates in drinking water can cause "blue babies" 
(methemoglobinenia or nitrate cyanosis) in infants less than about six 
months of age. (1) This condition results from chemical reactions in the 
infant's stomach in which the nitrate ion (N03-) is reduced to form ni
trate ion (N02-). The nitrite i on is absorbed by the blood where it 
robs the hemoglobin in the blood of oxygen to again form nitrate. This 
changes the hemoglobin in the blood to methemoglobin, which cannot carry 
oxygen and which produces symptoms in which normally pink skin appears blue. 
The effect of this lack of oxygen is equivalent to suffocation and it can 
be observed as a shortage of breath. In addition, there is evidence that 
water containing a high concentration of nitrates can produce intestinal 
pathological conditions resulting in chemical diarrhea. (1,8) 

Relatively little is known about the effects of high concentrations 
of nitrate in water on adu lt human beings. However, research that has 
been conducted on experiment al domestic animals has shown that ni trates 
can be toxic and that ingestion of large quantities of nitrates can cause 
death. 

Recently, researchers have fou nd other effects of nitrates on animals 
than the reduction of the abil i ty of the blood to carry oxygen. These 
conditions may be observed i n ruminants as welT as non-ruminants. Some of 
the symptoms are wateri ng of the eyes, rough hair coat, reduced appetite, 
weight loss or reduced rate of ga in or milk production. (8) 

Breeding difficulti es or abort i on have been attributed by some animal 
research workers to high nitrate int ake. Experiments have shown that a 
high intake of nitra tes can interfere with the function of the t hyroid gland. 
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It has been found that a large amount of nitrate in the diet can affect 
the utilization of Vitamin A. (8) 

Human beings and other animals are incapable of utilizing nitrogen 
directly from the atmosphere or from inorganic compounds to produce pro
teins. They are dependent upon plants or other animals that feed upon 
plants to provide protein. Within the animal body, proteinaceous matter 
is used largely for growth and repair of muscle tissue, although some 
proteinaceous matter may be used for energy. In any event, nitrogeneous 
compounds are released in the waste products of the body during life. At 
death, the proteins stored in the body become waste matter for disposal. 
Urine contains the nitrogen resulting from the metabolic breakdown of 
proteins. Nitrogen exists in urine principally as urea which is hydrolyzed 
rather rapidly by the enzyme urease to ammonia carbpnate. 

The feces of animals contain appreciable quantities of unassimilated 
proteinaceous material (organic nitrogen). It and the proteinaceous 
matter remaining in the bodies of dead animals and plants are converted to 
ammonia by the action of bacteria under either aerobic or anaerobic con
ditions. 

The continuous transformation of nitrogen takes place in the soil by 
various groups of microorganisms. (11, 12, 13, 14) In the breakdown of 
proteins, the first step is hydrolysis of the molecules to their constituent 
building blocks of amino acids. The amino acid is then deaminized with the 
liberation of ammonia. 

After ammonia has been liberated from various nitrogeneous compounds 
it may be: 

1. Assimilated by soil microorganisms and again synthesized into 
proteins, 

2. Used by higher plant life as the source of nitrogen, 
3. Absorbed by the colloidial substances in the soil and bound as 

NH 3 , or, 
4. Acted upon by other soil microorganisms and oxidized first to 

N02-, and then to N03-. 

The organisms responsible for this last set of reactions belong to the 
autotrophic group of bacteria, which is incapable of utilizing organic 
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compounds for structural or energy purposes. The ammonia released by 
bacterial action on urea and proteins may be used directly by plants to 
produce plant protein. If it is released in excess of plant requirements, 
the excess is oxidized by nitrogen fixing bacteria in the soil. These 
bacteria work best in a neutral medium at a temperature of about 25° C, 
and they are normally present in all soils. 

The first step in the conversion of ammonia to nitrate is performed 
by a group of bacteria known as nitrite formers. The most important 
species of this genera is nitrosomonas. Nitrites produced by nitrosomonas 
are oxidized by a second group of nitrifying bacteria called nitrate 
formers that oxidize nitrite to nitrate. This process is commonly called 
nitrification. 

The nitrates formed may serve as fertilizer for plants. Nitrates 
produced in excess of the need of plant life are carried away in water 
percolating through the soil because the soil does not have the ability to 
hold them. This condition frequently results in relatively high concen
trations of nitrate in groundwater. 

Under anaerobic conditions, nitrite and nitrate are both reduced by 
a group of microorganisms called nitrate reducers. Presumably, nitrate 
is first reduced to nitrite and then the reduction of nitrite occurs. The 
reduction of nitrites is carried all the way to ammonia by a few bacteria, 
but most of them carry the reduction to nitrogen gas, which escapes to the 
atmosphere. This constitutes a serious loss of fertilizing matter in the 
soil when anaerobic conditions developo 

Nitrogen is essential for plant growth and the production of adequate 
food supplies for increasing populations. Chemical fertilizers now account 
for more than a third of U.S. food production. However, nitrates are 
undesirable in both plants and water supplies, and they can be toxic to 
animals under certain conditions. The pollution of water by nitrates is of 
particular concern to public health officials, sanitary engineers, live
stock producers, and biologists concerned with fish and water recreation 
areas. 

Nitrate-nitrogen is highly soluble in water and it has been shown by 
several investigators to move readily through the soil profile with soil 
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moisture. (9, 14, 15, 16, 17, 18, 19) Ammonia nitrogen is held firmly 
by the soil until it is changed to the nitrate form by bacteria. Hence, 
nitrogen that is applied to the soil in the form of organic nitrogen or 
ammonia nitrogen normally stays in the soil until it is converted to 
nitrate by soil microorganisms. After conversion, it may be taken up by 
plants to the extent that the growing crops can utilize it, or it may be 
leached out of the soil by percolating water. It is relatively non-reactive 
chemical ly ~ nder the conditions found in natural soils. Although some 
evidence indicates that nitrates may be reduced to ammonia by the denitri
fication process, most studies suggest that either nitrite or nitrogen gas 
is the major end product in natural waters. 
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EXPERIMENTAL PROCEDURES 

The project was initiated with the drilling of a small well at the 
southeast corner of the approximately two and one-quarter acre storage 
pond. The well was completed at 150 feet, fully penetrating the aquifer. 
It was cased with six-inch diameter PVC pipe perforated throughout the 
zone of saturation. The well was equipped with a three gpm capacity 
submergibl~ pump installed at the bottom of the hole to facilitate the 
collection of samples. 

The well was pumped continuously for approximately seven days imme
diately after completion to remove all pollutants introduced by the 
drilling operation. A sample was then taken for analysis. 

Throughout the duration of the project, samples were normally col
lected from the well on a weekly basis. At the beginning of the sampling 
program, samples were collected at ten minute intervals for approximately 
two hours after starting the pump. Several weeks of sampling in this 
manner indicated that the quality of water obtained tended to stabilize 
after the pump had been operating for approximately one hour. Thereafter, 
the sampling procedure adopted was to allow the pump to run about two hours 
before collecting a sample. 

As soon as possible after completion of the observation well , samples 
were collected from all irrigation wells on the campus. Thereafter, 
samples were collected from all irrigation wells at irregular intervals 
generally conforming to the irrigation demand of crops growing in the 
vicinity of the various wells. In some cases, the wells were started up 
for the specific purpose of obtaining samples, but, since this practice 
generally required that the wells be operated for at least one hour before 
sampling, it was considered to be too wasteful to be practiced regularly. 
Furthermore, since the quality of groundwater changes slowly, the fact that 
irrigation wells were not sampled at regular intervals was not thought to 
be detrimental to the testing program. 

It was assumed from the beginning that water percolating from the 
pond to the aquifer was moving under unsaturated flow conditions. To 
verify this assumption, a platform was constructed over the surface of the 
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pond to a point approximately twenty feet from the shoreline near the 
southeast corner of the pond. Three one-inch diameter pipes fitted with 
sharpened points and perforated by means of narrow slots sawed in the 
lower three inches of the pipes were driven to depths of four feet, two 
feet, and six inches below the soil-water interface at the end of the 
platform. Negative pressures of approximately fifteen inches of mercury 
were applied to these well points in an effort to obtain samples of water 
at different depths below the soil-water interface. Although this system 
was tried repeatedly for several weeks, and large quantities of air were 
drawn into the pipes in the process, no water samples were ever obtained 
from the well points. This expected result appeared to verify beyond any 
doubt the assumption of unsaturated flow between the storage pond and 
the aquifer. 

Within a period of four or five months after beginning the sampling 
program, it was observed that the concentration of nitrates in the obser
vation well was increasing at a rate of approximately one-half mg/l per 
month. This rate of increase was found to obtain throughout most of the 
period of the project, with some anomalies appearing during the last six 
months of the project. 

Since the concentration of nitrates in the pond wa ter generally re
mained below about ten mg/l, the initial concentration in t he observation 
well was about 28 mg/l, and this concentration increased at a f airly 
constant rate, an intensive l aboratory investigation was initi ated in an 
effort to determine the mec hanism by which nitrate concentrations occurred. 

The laboratory investigat i on involved the obtaining of an undisturbed 
soil sample twelve inches in diameter and eight feet deep taken immediately 
west of the storage pond. This sample was obtained by digging a hole 
approximately eight feet square around a twelve inch diameter soil column 
in the center of the hole. As the excavation proceeded, a twelve inch 
diameter plastic pipe was driven down over the undisturbed core. This 
core penetrated approximately two feet i nto the caliche underlying the 
top soil. After the excavation was completed and the twelve inch diameter 
PVC pipe was driven home, the undisturbed cylinder was hoisted from the 
hole, the bottom was capped with a six inch l ayer of gravel hel d in place 
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by a plastic coated wooden plug, and the entire assembly was set up in the 
laboratory. A four foot joint of PVC pipe was then placed on top of the 
assembly and a four tube fluorescent light fixture was set in place just 
above it. Sampling ports consisting of one-quarter inch diameter plexiglass 
tubing into which a series of holes had been drilled with a number eighty 
steel bit were then installed in the column at various intervals below the 
soil surface. The sampling tubes were perforated for a total of six inches, 
and were inserted into the column a total distance of nine inches so that 
any water samples obtained would be obtained from the center six inches of 
the column. The locations and arrangement of the sampling ports are indi
cated in Figure 3. 

Two-hundred mililiter glass flasks to which a vacuum of up to about 
four feet of water could be appli~d were attached to the sampling ports 
for collecting water samples. The column was then filled with treated 
sewage obtained from the storage pond and samples were obtained throughout 
the depth of the column. Because of the high permeability of the undis
turbed soil sample, the column quickly became saturated with water. This 
result was not surprising since very rapid percolation was reported to have 
prevailed when the pond was first put in operation. That is, several 
months were required to fill the pond originally because of high permeabi
lity of the soil. After about a year of operation, enough sludge was 
deposited on the bottom of the pond to render it impermeable. 

In order to avoid the necessity of operating the column for severa l 
months to duplicate field conditions, a quantity of sludge sufficient to 
make a layer approximately t hree inches deep was obtained from the pond 
and applied to the top of the soil column. This provided a relatively 
impermeable seal that allowed a reasonable quantity of water to percolate 
through the column but also resulted in unsaturated flow conditions in the 
column. 

A water depth of approximately three and one-half feet was then 
maintained over the column on a continuous basis, and samples were with
drawn from the ports at irregular i ntervals of one to two weeks for analysis. 

All samples collected were routinely analyzed to determine the pH and 
conductivity, and the concentrations of nitra ~e and alkalinity. In addition, 
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numerous samples were analyzed to determine the concentrations of ammonia 
and organic nitrogen. Procedures detailed in IIStandard Methods for the 
Examination of Water and Wastewater, 12th Edition", were used in performing 
all analyses except for the determination of the concentration of nitrates. 
Nitrate concentrations were generally determined by means of an Orion 
nitrate electrode connected to a Digicord photovoltmeter. The electrode 
system provides a rapid means of analysis, but its use requires careful 
development of procedures to assure accurate and consistent results. 

Voltmeter readings obtained on the instrument are functions of nitrate 
ion activity rather than being specifically functions of nitrate ion concen
tration. Hence use of the method requires the analyses of samples of known 
concentration and the development of curves relating voltmeter readings to 
nitrate ion concentration. Also, since alkalinity interferes with nitrate 
ion activity, a set of curves relating voltmeter readings to both nitrate 
ion concentration and alkalinity must be prepared. After the necessary 
curves have been developed, the concentration of nitrate ion in a sample 
can be determined by measuring its alkalinity, determining the nitrate ion 
activity, and picking the concentration off the curve appropriate to the 
measured concentration of alkalinity. 

The method is quick, efficient, and generally sufficiently accurate 
for practical purposes. However, because of the sensitivity of the system 
to external influences, results obtained were periodically verified using 
the Standard Brucine method. 
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RESULTS OBTAINED 

This research yielded two very surprising results. First, the 
initial sampling of all irrigation wells on the campus, the observation 
well drilled for the project, and the three city wells just east of the 
campus revealed a range in concentration of nitrates from two to thirty
three mg/l. This variation occurred in an area of approximately four 
square miles, and it appears to contradict the widely held belief that 
the quality of groundwater in an unconfined, sand-gravel aquifer such 
as the Ogallala tends to be relatively constant over wide areas unless 
it has been changed by highly localized conditions. While local con
ditions in the vicinity of some of the wells can offer satisfactory 
explanations for some of the variations, the reasons for many of the 
anomalies found are unknown. The initial concentrations of nitrates 
in all wells sampled are shown in Figure 4. 

The high concentration of nitrate found to exist in the test well 
and in Well AG 4 can readily be attributed to percolation of sewage 
into the formation. The high concentration of nitrates existing in 
Well AG 2 at the beginning of the project may possibly be attributable 
to the fact that the land in the vicinity of this well has been i rrigated 
with effluent for several years, although the area in which sewage has 
been used most for irrigation is closer to Well AG 1, in which the 
initial concentration of ni trates was lower than in Well AG 2. 

No satisfactory explanati on for the low concentration of nitrates 
found to exist in Well AG 3 has been found. The low initial concentra
tions of nitrates found in We l ls AH 10 and C 11 may possibly be explained 
by the fact that these wells are located very near playa lakes, and that 
playa lake water has been found to contain very low concentrations of 
all nitrogenous compounds. Recharge from the playa lakes, especially 
in the case of Well AH 10, which has been used from time to time as a 
recharge well, may explain the low concentrations found to exist in 
these wells. 

Well AH 2 contained a high initial concentration of nitrates which 
is probably attributable to the fact that it is located relativ~ly 
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Figure 4.. Initial Concentrations of Nitrates in Wells Sampled. 
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near the beef cattle feedlot and dairy facilities, which have been in 
existence at their present l ocations for approximately twenty years. 
It appears to be unreasonable, however, that the concentration of ni
trates in Well AH 2 could have been increased so greatly while the 
concentration existing in Well AH 3 remained extremely low. Similarly, 
no satisfactory explanation has been found for the hi gh concentrations 
of nitrates found to exist in Wells AH 4, AH 5, AH 7, and AH 9. All 
four wells are in areas that have been farm~d by the University for 
about forty years for the production of cotton, gra in sorghum, forage 
crops, and other crops commonly grown in the area, and no records 
exist indicating that greatly excessive quantities of fertilizers have 
ever been applied in the vicinity of either well. 

The initially low concentration found i n Well AG 5 is probably 
attributable to the fact that this well is located near a small playa 
depression, and that it obtains a significant quantity of recharge from 
this playa. Initia l concentrations found in the other wells sampled 
are within the range of variations normally expected to be encountered 
in the Ogallala. 

The second major surprise revealed by the research was the finding 
that the concentrations of pol lutants in groundwater in a l ocal area 
can change substantially in a short period of time. The mos t st rik i ng 
example of this phenomenon is the experience encountered with Wel l C 4, 
a well owned by the City of Lubbock and located approximately three
quarters of a mile east of t he Texas Tech Farm. The concentration of 
nitrate in this well at the beg i nning of the project was about eight 
mg/1. This concentration rema i ned constant within about one mg/l until 
October, 1968, at which time it suddenly started increasing rapidly. 
The concentration increased at a fa i rly uniform rate from October, 1968 
to a maximum of 37 mg/l in May, 1969 . The concentration existing on 
July 1, 1969, was 35 mg/l, at which time the City started pumping the 
well. The pump then ran continuous ly through September. At the end of 
September, the nitrate concentration had been reduced to about five mg/l, 
Figure 5. Approx imately the same sequence was repeated during the winter 
and summer of 1969-1970. 
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The wide variations in initial concentrations throughout the area 
were first assumed to be the result of poor laboratory techniques, 
interfering ions in the water, poor sampling techn i que, or some other 
human error. New samples were then taken from the same wells and the 
analyses were repeated using both the nitrate probe and the Brucine 
method specified in Standard Methods for t he Exami nation of Water and 
Wastewater, 12th Edition. Similar results were obtained us i ng both 
methods, and the results obtained were found to have been in close agree
ment with the original analyses. Nevertheless, the lack of consistency 
of the results obtained coupled with the idea that groundwater qual i ty 
tends to remain constant over long periods of time caused the principal 
investigator and the research assistants who worked on the project much 
anguish and much extra work in checking and double-checking results of 
analyses throughout the period of the project. 

Recent investigations of groundwater quality under the farm used 
for the disposal of most of the effluent from the City of Lubbock have 
indicated that water quality in that area also tends to change fa i rly 
rapidly with time. Similar findings have since also been found to ' 
exist in relatively shallow groundwater in the vic i nity of feed l ots near 
Abilene, Texas, and in an area of twenty-five or thirty square mil es 
near Ballinger, Texas. 

Since the field investigations and the laboratory experiments with 
the soil column were conducted more or less independently of each ot her , 
results obtained from the two systems will be discussed separately. 

Results Obtained from Laboratory Soil Column 

After the surface of the so i l column had been rendered relatively 
impermeable as discussed previous ly, a water depth of approximately 3.5 
feet was maintained over the column for a period of approximately eighteen 
months. Under these conditions, a substantial quantity of water perco
lated through the column each day under unsaturated flow conditions. Un
saturated flow conditions were maintained by frequent draining of the 
accumulated water from the gravel layer in t he bottom of the column. 
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Samples were obtained from the center six inches of the column 
at various depths by means of a vacuum aspirator operating on a vacuum 
of 25 or 30 inches of water, as described previously. In all cases, 
the surface water applied to the column was obtained from the storage 
pond on the campus, and the light fixture above the pond was generally 
turned on during the daytime and off at night to attempt to duplicate 
as nearly as possible existing fie l d conditions. A significant differ
ence between laboratory and field conditions was that the temperature 
of the soil column and applied water remained relatively constant at 
all times. 

No workable idea for duplicating field conditions whereby the 
soil profile beneath the pond is connected to the atmosphere was ever 
evolved. It is apparent that enough exchange occurs between the soil 
profile under the pond and the atmosphere to maintain aerobic conditions, 
but quantitative information regarding the rate of movement of air 
through the soil does not exist. The problem of determining how much 
air to admit to the soil column was never solved analytically. The 
method used therefore evolved from existing physical limitations of 
the system rather than from a planned solution by the principal investi
gator. 

The soil column as obtained from the field was collect ed in two 
sections of pipe, with the top five feet of soil being in one pipe and 
the lower three feet in another. Repeated efforts to completely sea l 

the joint between the two sections of pipe were unsuccessful , and it 
was finally decided to utilize the leaky joint for the admission of air 
to the column. 

The process of obtaining a sample from any of the sampling ports 
involved drawing a small quantity of air through the port along with 
the water being collected, and this unmeasured but small quantity of 
air was admitted at the five foot depth. 

Results obtained from sampling runs made in February, March, and 
May, 1970, are shown in Figures 6, 7, and 8, respectively. 

The maximum concentration of nitrate found in the soil column at 
any depth is betwe n 70 and 90 mg/l, which is approximately t'~ice the 
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concentration of all nitrogenous compounds, expressed as N03, contained 

in the applied water. A similar condition exists in the groundwater 

beneath the farm that has used municipal effluent for approximately 
thirty years. That is, the concentration existing in groundwater be
neath the farm is about twice the total concentration of nitrogenous 
compounds found in the applied treated sewage. 

This finding appears to be significant only in that it suggests 
that enough field conditions were duplicated in the laboratory to make 
it possible to obtain similar results in laboratory and field experiments. 
It does not explain the mechanism through which the nitrate concentration 
occurs. A considerable amount of time was therefore devoted to an 
attempt to uncover the mechanism by which concentration occurs. Al-
though these efforts were largely unsuccessful, the fact that the con
centration of nitrates at various levels could be controlled by con
trolling the rate of air movement through the column strongly indicates 

the following sequence of events as water moves through the soil profile 
under unsaturated flow conditions: 

1. Some of the dissolved organic material percolating through 

the sludge layer at and immediately below the soil-water 
interface is partially decomposed with the resultant 

formation of ammonia; and some of the dissolved organi c 
material passes through the layer unchanged (conditions 
under which the samples were taken -- reduced pressure and 

two or three days required to obtain a sample -- mad~ it 
impossible to verify this assumption experimentally. That 
is, any ammonia formed and contained in the water sample 
would have been stripped out under the conditions under 
which the samples were taken). 

2. At some distance beneath the interface -- unknown in the 
field, but controllable by varying the air flow at different 
levels in the laboratory column -- oxidizing conditions prevail 
and nitrate formers convert nitrogenous compounds contained 
in the percolating water to the nitrate form. Again, the 
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experimental apparatus used did not permit verification of 
this postulate, but consistent results, and the ability to 
alter the results in a predictable manner by changing ex
perimental conditions provide strong evidence that the 
hypothesis is correct. 

3. The build-up of nitrate concentration to a level higher than 
the concentration that would result from conversion of all 
nitrogenous compounds contained in the waste to nitrate is 
m6st likely attributable primarily to the concentrating 
effect of surface evaporation of water, although nitrogen 
fixation by the dense population of algae in the surface 
water also undoubtedly plays a small part in the process 
along with the additional nitrogen washed out of the atmo~ 
sphere by precipitation. 

Results Obtained from Field Investigations 

The volume of effluent supplied to the storage pond from the 
northwest treatment plant has increased steadily from an average of 
slightly more than 100,000 gallons per day in 1962 to a current value 
of approximately 700,000 gallons per day. The total monthly and 
annual quantity delivered in the years 1968 through 1970 along with 
the monthly average daily flows are given in Table 1. 

The quantities shown in Table 1 were measured by means of a 
recording flow meter at the sewage treatment plant. Unfortunately, 
no records exist to indicate the quantity of effluent that has 
actually been used for irrigation. Thus, no basis exists for making 
an accurate water balance as a means of checking the reasonableness 
of findings of field investigations. 

Terms of Texas Tech1s contract with the City require Texas Tech 
to receive and dispose of all effluent produced by the northwest 
treatment plant, regardless of weather conditions, crops needs, or 
any other factors. The capacity of the storage pond is only about 
'1.5 acre feet, whi .h amounts to about five days supply under average 
1969 cond i ti ons. ~ hus, a very 1 arge but un mown fracti on of t:he 
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TABLE 1 . VOLUME OF EFFLUENT SUPPLIED TO STORAGE POND - 1968-1970 

Year Month Total Daily Average 
Million Gal. MGD 

1968 January 9.7000 .313 
February 11.2304 .387 
March 12.9560 .418 
Apri 1 12.5085 .417 
May 11.9600 .386 
June 8.8548 .295 
July 10.1478 .327 
August 8.5442 .276 
September 10.5799 .353 
October 13.3884 .432 
November 12.4315 .414 
December 11.5692 .373 
Total 133.8716 

1969 January 12.2490 .395 
February 12.9971 .464 
March 13.5523 .437 
Apri 1 12.6366 .421 
May 13.9556 .450 
June 10.2105 .340 
July 14.0852 .454 
August 14.9255 .482 
September 16.9616 .565 
October 16 .3550 .528 
November 15.3289 .512 
December 14.0110 .452 
Total 167.2683 

1970 January 14 .9149 .481 
February 17 .6043 .629 
March 21 . 1143 .681 
April 20.1334 .671 
May 18.0518 .582 
June 17.7770 .592 
July 18.4173 .595 
August 18.3216 .590 
September 19.5037 .651 
October 20.2344 .654 
November 21.3362 .710 
December 20.1694 .650 

Total 227.5783 
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total water delivered to the pond from the northwest treatment plant 
has historically been allowed to overflow into the pastureland im
mediately east of the storage pond. This overflow results in more 
or less continuous saturation of several acres of pastureland surface 
during most of the year, and it also undoubtedly contributes sub
stantially to the total recharge of the aquifer from the operation. 
Unfortunately, no attempt has ever been made to measure the total 
quantity of reclaimed water used either for irrigation or allowed 
to run to waste across the pasture. 

These shortcomings were recognized at the beginning of the 
project, but their full significance was not realized until the 
project was almost completed. Ultimately, the lack of accurate data 
regarding the quantity of effluent used for irrigation, the quantity 
of water pumped from each of the irrigation wells, the quantity of 
water allowed to overflow into the pasture, and the quantity of 
natural recharge occurring as a result of unusually heavy rains that 
occurred during one year of the project made it impossible to draw 
definite quantitative conclusions regarding most of the original ob
jectives of the research. Nevertheless, much useful qualitative 
information was obtained, a much better appreciation of the complexity 
of the problem was gained by the principal investigator and by several 
other faculty members in the Departments of Civil Engineering, Geo
sciences, and Agronomy, and much valuable training was provided to 
graduate students in the Departments of Geosciences, Civil Engineering, 
and Biology by the project. 

As already discussed, samples were obtained from all wells on the 
campus as soon as possible after the initiation of the project to 
provide baseline quality data for the project. The other major vari
able to be monitored by the project was the change in volume of water 
stored in the formation in the vicinity of the pond. Baseline data 
for this aspect of the project were obtained by measurements of the 
water level elevations which were made in January, 1968. Procedures 
developed by the Texas Water Development Board, the High Plains Under
ground Water Conservation District No.1, and other Underground Water 
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Districts in the High Plains were used in making the water level 
measurements. These agencies have determined that the month of 
January is the best time for making such water level measurements 
in wells used for irrigation because many of the wells are started 
in February to provide pre-plant irrigation water. After February, 
depending upon precipitation, the wells may be run continuously or 
intermittently until September or October. Hence, water levels in 
producing irrigation wells are generally most representative of 
aquifer conditions in January. 

Samples were collected from the test well on a weekly basis 
throughout the duration of the project. Additional samples were col
lected from all irrigation wells on the campus at irregular intervals 
of three or four times per year, depending upon pumping schedules of 
the wells as reflected by irrigation needs on the farm. All samples 
were analyzed by methods previously discussed, and results obtained 
for the first eighteen to twenty-four months of the project, with 
the exception of the behavior of Well C 4, fit very nicely into ex
pected patterns. That is, the concentration of nitrate in the test 
well increased at a fairly steady, uniform rate of approximately .5 
mg/l per month, and the concentrations in other wells in the vicinity 
of the storage pond and in the area in which sewage was most heavily 
utilized for irrigation increased at fairly steady rates. Al so , the 
water level measurements made at the end of the first year of operation 
indicated a maximum increase of approximately eight feet in static 
water level at the test well, and progressively lesser increases away 
from the pond, as expected. 

Approximately 18 inches of rain was received during a six-week 
period during the Fall of 1969, and much of the data obtained subsequent 
to this period tended to cast doubt on the validity of data obtained 
earlier. 

Concentrations of nitrate in the water in all wells increased 
between the Fall of 1967 and the Summer of 1969, Figure 9. It does not 
now appear to be reasonable to attribute the increases shown on Figure 
9 to the use of treated sewage for irrigati n. Nevertheless, in the 
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Summer of 1969, the pattern of increased concentration appeared to 
correspond reasonably well with the pattern of utilization of the 
sewage. The greatest increases tended to occur in the vicinity of the 
pond and in areas where the sewage was most heavily used for irrigation. 

In retrospect, however, it can be shown that the total quantity 
of nitrogen expressed as nitrate delivered to the farm in the approxi
mately 18 months represented by Figure 9 amounted to not more than 
about 50 tons, while the quantity added to the groundwater in the 
same period appears to be on the order of several hundred tons. It 
is therefore obvious at th is time that factors other than reclaimed 
sewage are responsible for most of the increases shown, and that the 
approach taken to the problem was far too simplistic to reveal what 
these factors may be. 

Excellent soil moisture conditions existing in the Spring of 1970 
made irrigation unnecessary until the early Summer of 1970. Consequently, 
samples were not obtained from any campus wells except the test well 
during the first five months of 1970. The nitrate concentration in 
the test well declined substantially during this period. Also, as 
irrigation wells were started in May and June, allowing samples to be 
obtained for the first time in seven or eight months, it quickly became 
apparent that substantial changes in quality had occurred in many of 
the wells, but that the changes were not of a consistent nature. Sub
stantial increases were observed in some wells while the concentrations 
observed in nearby wells shared substantial decreases. Repeated sampling 
and analysis in the subsequent six months failed to reveal the cause or 
causes of the aberrations. 

Measurement of water level elevations in January 1968, January 1969, 
and January 1970, and plotting the apparent change in storage of water 
beneath the farm revealed a net increase in storage had occurred, despite 
the fact that sUbstantial quantities of water had been pumped from all 
irrigation wells on the campus during the period. While the total quanti
ty pumped is not known with precision, it is apparent that it is greater 
than the approximately 1,000 acre feet of sewage delivered to the campus 
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during 1968 and 1969. The difference can be attributed only to recharge 
resulting from precipitation, but the unknown pattern of recharge through 

the soil and through playa lakes and adjoining street and highway barrow 

ditches makes it impossible to determine the rate at which effluent is 
recharged. 
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CONCLUSIONS AND RECOMMENDATIONS 

Appraisal of the results obtained can lead only to the conclusion 
that the research failed to accomplish the stated objectives. It ap
pears that the primary reason for this failure is the fact that the 
Pri ncipal Investigator underestimated grossly the complexity of the 
problem he attempted to solve. 

This underestimation, coupled with the fact that early results ob
tained conformed to preconceived ideas of the outcome, led to a feeling 
of complacency on the part of all persons working on the project. As 
a result, the earliest signs of inconsistency were not recognized until 
the project had been substantially completed. In retrospect, however, 
it does not appear that earlier recognition of the magnitude of the 
problems faced would have resulted in significantly greater accomplish
ment of the stated objectives. The complexity of the problem was simply 
underestimated from the beginning, and the project budget was not -

large enough to have made it possible to accomplish the objectives under 
any circumstances. 

Regardless of the shortcomings of this project, further research 
needs to be performed on this problem. Compliance wi th the following 
minimum recommendations is considered to be mandatory if su ch a project 
is to be successful: 

1. It is mandatory that all water utilized for any purpose on the 
project be careful ly metered. This includes effluent delivered, 
effluent utilized for irrigation, effluent wasted, groundwater 
pumped, and surface runoff entering or leaving the project site. 
Meaningful quantitative work simply cannot be done without the 
ability to strike a water balance in the area being studied. 

2. A dense network of observation wells from which samples can be 
taken and by means of which water surface elevations can be 
continuous ly monitored, is also essential to the development of 
meaningfu l quanti tative conc l us i ons regarding recharge rates 
and horizontal movement of water through the aquifer. Produc
tion well s are unsatisfactory, botn for sample collection and 

-33-



for water level measurements. 
3. Great care must be taken to assure that groundwater sample 

obtained for analysis are representative of the entire 
saturated thickness of the aquifer. 

4. The interrelations between the nitrogen cycle and the water 
cycle are understood only i n genera l terms . . More specific 
research is needed to enable researchers to predict with a 
higher degree of certainty the relationshi ps that may exist 
between the concentrations of nitrogenous compounds in 
stored surface waters, the depth and compos i tion of under
lying sludge blankets, and the resultant quality of perco
lating groundwater. 
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