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ABSTRACT 

Data were collected from September 1990 to March 1996 
at two fields of approximately 12 ac each. The fields on 
which a variety of crops are grown were used by the City of 
Raleigh to dispose of the biosolids from its Neuse River 
Wastewater Treatment Plant (NRWWTP). One field (Field 102) 
has been used since the beginning of the biosolids disposal 
on the agricultural fields, a period of more than 10 years. 
The other field (Field 602) first received biosolids after 
the baseline data were obtained in the fall of 1990. In 
addition, a short-term study was conducted at a third field 
(Field 61A) beginning in April 1993 on'possible impacts on 
ground water of the use of commercial chemical fertilizers. 

The emphasis of the study has been on acquiring an 
understanding of how the nitrate in the biosolids affects 
the shallow ground water beneath the fields in a Piedmont 
Province geomorphologic setting. A corollary concern of the 
study was the possible impact that ground-water discharge 
from beneath the fields might have on the nitrate-nitrogen 
(N03-N) concentrations in surface water. 

At Field 102 more than ten years of biosolids and 
cropping have led to nitrate-nitrogen (N03-N) concentrations 
in the shallow ground water of over five times the national 
drinking water standard (MCL) of 10 mg/l extending to depths 
of over 50 ft below the ground surface and in a position, 
presumably, close to the granitic bedrock. During a two
year long experiment in which no biosolids or other soil 
amendments were applied on Field 102, the N03-N concentra
tions in the ground water continued to increase. 

Field 602 was used to examine the effects of biosolids 
application on ground water and to learn about the relation
ship between the timing of biosolids application and the 
appearance of N03-N in the shallow ground water. Evidence 
exists in part of the field indicating that the ground water 
was impacted in less than a year. In other parts of the 
field it has taken several years for evidence of biosolids 
application to be recognized in the ground water. Soil 
moisture studies and examination of the monitoring well 
hydrographs in conjunction with the time-series graphs of 
chloride (Cl) and nitrate-nitrogen (N03-N) concentrations 
indicate that once approximately 2000 Ib/ac of biosolids 
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indicate that once approximately 2000 Ib/ac of biosolids 
have been applied N03-N moves to the ground water in a 
matter of a few weeks, depending upon the amount of precipi
tation occurring during any particular time interval. 
Studies at Field 602 have also demonstrated that N03-N is 
being contributed to surface water by ground-water discharge 
to baseflow. 

The N03-N content of soils at all three fields was 
examined. From this part of the investigation it became 
evident that fertilizer application can lead to a buildup of 
N03-N in the soil and vadose zone. This buildup performs as 
a reservoir which can supply N03-N to percolating water 
which in turn carries N03-N to the saturated zone. 

Preliminary calculations indicate' that on the order of 
three percent of the N03-N in the total biosolids applied to 
Field 602 has reached the saturated zone since the comple
tion of the first biosolids application in February 1991. 
At Field 61A the effects of commercial fertilizer applica
tion were detected about a year after the first fertilizer 
was applied. 

Due to the length of this report, the five appendices 
could not be included. These appendices cover soil 
descriptions, driller's logs, N03-N and chloride plots, 
stiff diagrams, and well hydrographs. If this information 
is needed, the reader can contact the Water Resources 
Research Institute to borrow a copy. 
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SUMMARY AND CONCLUSIONS 

A five-year study involving three fields at the City of 
Raleigh's Neuse River Wastewater Treatment Plant facility 
(NRWWTP) has been completed. The basic purpose of the in
vestigation was to determine if nitrate from biosolids 
application had reached the shallow ground water lying 
beneath the fields and the rate at which the nitrate might 
move to the ground water. One field (Field 102) was chosen 
as an example of a field with 10 years or more of biosolids 
application and cropping. Another field (Field 602) was 
first used for biosolids disposal follo~ing collection of 
baseline data. The third field (Field 61A) was added during 
the study to compare possible nitrate movement from applica
tion of commercial fertilizer with nitrate movement to 
ground water in fields to which biosolids were being 
applied. Three wells were installed at the N.C. State 
University Randleigh Dairy Farm facility to be used for 
comparison purposes. 

Data from 41 monitoring wells have been utilized in the 
study. Soil samples for nitrate analyses were collected to 
depths of 6 ft, and to 9 ft in some cases. Extensive chemi
cal analyses have been performed on ground-water samples 
collected from the three fields. Sample collection was 
generally on a monthly basis with biweekly in situ water 
level, specific conductivity, and temperature measurements 
being made also. Baseflow has been measured to provide 
knowledge of the possible contribution of nitrate from one 
field to a stream flowing along its base. Nitrogen stable 
isotope (del N-15) techniques were used to identify wells in 
which nitrate from the biosolids was reaching ground water. 
Late in the investigation a study of the movement of soil 
moisture through the vadose zone was undertaken. 

In the case of the field which had a 10-year history of 
biosolids application and cropping prior to commencement of 
the present investigation (Field 102), it appears that the 
application of biosolids to the field is followed in approx
imately 80 to 100 days by evidence that nitrate from the 
sludge has reached the shallow ground water. For Field 602, 
to which biosolids were first applied in late 1990 and 
February 1991, the first identifiable evidence of nitrate 
appearance occurred after about two hundred days. In some 
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instances the rise and fall of the water table may be re
lated timewise to increases and decreases in the N03-N 
concentrations in the ground water. 

Since late 1995 some of the wells in Field 602 have 
shown marked increases in the N03-N concentrations in the 
ground water; others have changed little from the baseline 
concentrations. The position of the monitoring well within 
the field and its relation to the pattern of ground-water 
flow, including depth of its screen within the saturated 
zone, are factors which to control whether or not one may 
find evidence of nitrate impact on the ground water at a 
given location. 

Field 102 did not receive biosolids after October 1993, 
and it was anticipated that some evidence of decreased 
concentrations of nitrate in the ground water might be 
found. However, during the more than two-year interval 
between cessation of biosolids application and collection of 
the last samples from the monitoring wells, the nitrate in 
the ground water continued to increase. This information 
implies that, as might be expected, there is an accumulation 
of nitrate in the soil and that in this field the nitrate in 
the soil will continue to move downward to the ground water 
for a lengthy period of time, even if no further biosolids 
are applied. It also implies that denitrification processes 
are limited and of insufficient magnitude to provide protec
tion to the shallow ground water. 

The nitrogen stable isotope work established that in 
parts of Field 602 nitrate impact on the ground water proba
bly took place in less than two years. The increasing 
concentrations of nitrate in the shallow ground water along 
the edge of the stream at the base of Field 602 show that 
nitrate from the field is reaching the stream. Weir mea
surements in the stream indicate that an average of 0.025 
cfs of base flow is contributed to the stream from Field 602 
along a 400-ft stretch of the stream. Estimates based upon 
the concentration of nitrate in the ground water near the 
edge of the stream indicate at least 500 mg/day/ft of stream 
of N03-N may be reaching the surface water system from Field 
602. Stable nitrogen isotope data support the conclusion 
that nitrate is contributed to the stream through ground
water discharge to baseflow. 

Evidence from Field 102 shows that the nitrate impact 
on the ground water at this locality has nearly reached the 
bedrock underlying the field. There also is evidence that 
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the nitrate is expanding laterally in the saturated zone 
beneath the field to areas where it has not previously been 
recognized. From the relationships found in Field 102, one 
can anticipate that the ground water beneath Field 602 will 
be similarly impacted in from 5 to 10 years. 

The short study at Field 61A indicates that nitrate 
from applied commercial fertilizer began to arrive at the 
shallow water table prior to abandonment of the ground-water 
sampling program there. 

Three wells at the Randleigh Dairy Farm provided infor
mation about the impact of farming operations on the shallow 
ground water. One well at the edge of a field had evidence 
of the use of commercial fertilizer at ,the field. Another 
well adjacent to a cattle feedlot provided evidence that the 
feedlot had had some impact on the shallow ground water, but 
the impact was less than that found in Field 102 or later in 
Field 602. Data from the third well indicates that a hold
ing pond designed to allow for denitrification of surface 
runoff was probably being effective. The ground water at 
the foot of the dam forming the pond possessed an average of 
12 to 13 mg/l of N03-N, but its nitrogen stable isotope 
signature was that found normally with nitrate derived from 
animal wastes. 

From the 1990-1996 study of the three fields at the 
NRWWTP it is possible to conclude that N03-N derived from 
the biosolids applied to the fields will be transported 
downward to the saturated zone. The crops grown in the 
fields do not utilize all of the available N03-Ni denitri
fication does not remove what the plants do not usei and the 
excess N03-N is available for transport when the fields lie 
fallow. If a given field is used for a period of several 
years, then the risk of N03-N impacted ground water moving 
out into the water-bearing fractures of the bedrock in
creases. Local geology will control the actual happen
stance. 

Under circumstances appropriate for ground-water dis
charge to a stream any N03-N transported to ground-water 
can be expected to reach surface water through ground-water 
discharge to baseflow. The total mass of N03-N reaching the 
stream will depend upon local circumstances. 

Recognition of any N03-N impact upon the ground water 
depends upon a number of factors. Among these are placement 
of the monitoring wells and the position of each well screen 
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within the saturated zone. A protocol of the minimum 
monthly water-quality sampling and biweekly water level 
measurement is required for early detection of N03-N concen
tration changes in the saturated zone. Initial detection of 
N03-N impact on shallow ground water following the first 
application of biosolids may occur only after a period of a 
year or more. After the soil profile and the vadose zone 
have a minimal mass of N03-N distributed through them, the 
ground-water N03-N concentrations may increase at shorter 
time intervals. It appears that a total application of 
between 1600 to 2000 lb/ac of biosolids may be the point at 
which N03-N impact on the ground water at the NRWWTP can 
first be anticipated. 

Once there is a reservoir of N03-N in the soil and 
vadose zones to provide a continuing N03-N source, the rate 
and pattern of moisture movement through the vadose zone, 
the depth to ground water, and the presence of any biologi
cal activity that may affect the N03-N concentration in the 
vadose zone all play a role in movement of the N03-N into 
the saturated zone. At any time when conditions are suit
able for ground-water recharge, N03-N may be transported to 
the saturated zone. The probability of N03-N's being trans
ported from the soil increases during times when the fields 
lie fallow and precipitation exceeds the evapotranspiration. 

Depending upon the assumptions made for the calculation 
about the source of the N03-N in the ground water and the 
soil volume from which it comes, the concentrations of N03-N 
found in the ground water at Field 602 represent from ap
proximately 3 to 16 percent of the total applied N03-N. 

One conclusion derived from the study of Field 102 is 
that more than two years must pass before the effect on the 
shallow ground water of more than 10 years of biosolids 
application may begin to lessen. The data from Field 102 
indicate that once a supply of N03-N of the magnitude found 
at Field 102 is distributed below the root zone the ground
water N03-N concentrations will continue to increase as 
water moving through the vadose zone picks up the N03-N and 
transports it downward. 

Dissolved oxygen measurements combined with information 
about the soil and saprolite colors indicate that conditions 
for denitrification are not particularly favorable in the 
vadose zone at the fields to which biosolids are being 
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applied. The soil moisture studies indicate that it may be 
possible to derive estimates of the timing of nitrate move
ment through the vadose zone. 
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RECOMMENDATIONS 

Introduction 

The results of the work at the Neuse River Wastewater 
Treatment Plant (NRWWTP) suggest some ideas for further 
research into N03-N migration to shallow ground water and 
for further evaluation of the fields used by the City of 
Raleigh to dispose of the biosolids. The results also give 
rise to thoughts about the relationship of the land disposal 
of biosolids and the desires of communities to grow and 
expand. 

Neuse River Wastewater Treatment Plant, 

Further research should be carried out to understand in 
greater detail the relationship between precipitation and 
migration of the N03-N from the biosolids into the vadose 
and saturated zones. Specifically, the rate of moisture 
movement through the unsaturated zone and the associated 
transport of the N03-N from the biosolids should be studied 
in greater detail than was possible during the present 
investigation. 

For the issues of ground-water management, other fields 
in the NRWWTP complex shoul.d be monitored, especially within 
the fields as well as along their edges. As was noted in 
the 1989 report (King, Welby, et al., 1989), correct place
ment of monitoring wells is important to the understanding 
of N03-N movement. Placement at field edges is not always 
the correct choice. Monitoring over the NRWWTP complex 
should provide insight into how widespread is the effect of 
N03-N impact on the ground water. Such information might 
also provide a historical perspective to the NRWWTP oper
ation in that fields used longer might be expected to ex
hibit higher levels of ground-water N03-N concentrations 
than fields more recently put into production. Also per
spective might be gained on the effects of biosolids manage
ment as well as relationships between potential ground-water 
changes and various geologic factors. 

The study of Field 602 demonstrated that ground-water 
discharge to streams can contribute important masses of N03-
N to the streams. However, measurements were made mostly 
during periods of low flow when baseflow was predominant and 
the water table was low. Consideration should be given to 
an examination of ground-water contribution to a stream's 
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N03-N load during flow regimes other than low flow. Other 
fields and streams should be monitored for the N03-N contri
bution to the streams, for the water in the smaller streams 
eventually drains into the Neuse River. Consideration should 
also be given to monitoring the ground-water discharge to 
the Neuse River from those fields which border it. 

This study has permitted as a first approximation an 
estimate of the percentage of N03-N that has reached the 
saturated zone at Field 602. More work should be undertaken 
to determine the mass of N03-N existing in the vadose zone 
"reservoir" at a given time. Another useful contribution to 
the management of the biosolids with relation to the ground 
water would be investigations under operating field condi
tions of the portion of N03-N in the biosolids that actually 
migrates into the subsurface; the portion that remains in 
the vadose zone en route to the saturated zone; and the 
portion that reaches the saturated zone. More detail needs 
to be obtained on the risk of the N03-N getting into the 
fractures of the bedrock, or of its moving in the weathered 
transition zone between the saprolite and the bedrock. 

The NRWWTP affords an opportunity for long-term data 
collection and interpretation of the impacts of biosolids 
application in the Piedmont geomorphic province similar to 
the research done in the United Kingdom at Rothamsted be
tween 1877 and 1915 (Addiscott, et al., 1991). 

Some Observations Derived from the Study 

The study highlights the need for long-range planning, 
especially with regard to land-use issues. It is evident 
from the results of this work that application of the bio
solids at the "agronomic rates" employed by the City has led 
to N03-N impact on the ground water. It is also obvious 
that as the City of Raleigh and other communities grow there 
will be increased acreage needed for the disposal of the 
biosolids so long as the present technology is used. Thus 
it is inherent that in the land-use planning of the commu
nity-at-large that adequate acreage be kept available for 
agricultural purposes suitable for biosolids disposal. How 
adequate acreage is to be preserved for biosolids disposal 
is an economic and political issue. 

It is also evident that should suburbs and development 
encroach upon the areas where biosolids are being or have 
been disposed that ground water may be limited as a water 
supply because of high N03-N concentrations. Where sparse 
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residential development is permitted, in an essentially 
rural area, governmental agencies may need to require chemi
cal testing of well water before a building permit is issued 
to assure that the N03-N levels are below the national and 
state drinking water maximum contaminant limit (MCL). 
Public health protection may require regularly scheduled, 
systematic testing of domestic water supply wells. Such a 
requirement will be especially important where the housing 
parcel is on or adjacent to land once used for biosolids 
disposal. It also has to be recognized that a water quality 
problem may take a long period of time to develop. 

The study also raises the question for other parts of 
the North Carolina Piedmont about the disposal of biosolids 
from other municipal wastewater treatment facilities. If 
the acreage utilized is essentially contiguous, whether 
owned or leased by the governmental entity, then the entity 
can control other possible land uses. However, if the 
acreage is scattered and subject to short-term leases, then 
future uses are less easily guided. Permanent public re
cords should be maintained showing the use of the land for 
biosolids disposal. This requirement is especially true if 
the proposed use is to be residental and is to rely on 
ground water for water supply. 
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INTRODUCTION 

Background 

Concern was expressed in the mid-197Gs about the possi
ble impact of nitrate on the shallow ground water beneath 
the fields to which sewage sludge (biosolids) was to be 
applied and on which crops were to be grown when the Neuse 
River Wastewater Treatment Plant (NRWWTP) facility began 
operation. General knowledge indicated that there probably 
would be some changes in the quality of the shallow ground 
water lying beneath the fields used for biosolids applica
tion and cropping. 

The first study undertaken at the site was conducted by 
Michael B. Anderson as a Masters Degree thesis investigation 
(Anderson, 1975). Two fields which were to be used in the 
initial phases of the cropping system were monitored for a 
year as was a forested area. This work provided a limited 
amount of baseline data and an indication that the use of 
commercial fertilizers had affected the shallow ground-water 
quality at the agricultural fields. 

In conjunction with the start of operations at the 
NRWWTP a number of monitoring wells were placed in and 
around some of the fields being used in the biosolids dis
posal/agricultural operation. The wells were located with 
guidance from the N.C. Division of Environmental Management, 
Groundwater Section. Most of the wells were placed at the 
edges of fields, although some were also placed within 
fields. Data from some of these wells formed the basis for 
the next step in the evaluation of the operation and for the 
consideration of the potential for nitrate impact on the 
shallow ground water. 

Water-quality data obtained beginning in the early 
1980s through 1988 were compiled and analyzed in the second 
study conducted in 1988-1989. These data had been collected 
on a semi-annual basis. Along with the data compilation 
selected wells were chosen for monthly water-quality sam
pling and analysis. One new well was placed near the office 
complex of the NRWWTP to serve as a background well. 

With the completion of the second study (King, Welby, 
et al., 1989) the City of Raleigh expressed an interest in a 
more detailed study. In particular, the opportunity to 



study a field (Field 602) that had not previously been used 
for biosolids application and a field (Field 102) which had 
been in the biosolids program since its inception was pre
sented. Field 602 has a small stream flowing along its 
lower edge ("Field 602 stream"), and thus the opportunity to 
study the contribution of nitrate placed on the field to the 
stream by way of ground-water discharge to baseflow became a 
part of the investigation. The third study began in August 
1990, and data collection ceased in March 1996. 

The study protocol for the third investigation required 
the construction of several monitoring wells in each field. 
Later, additional wells were constructed whose locations 
were based upon data obtained during the first year. During 
the first year of the study it became evident also that the 
nature of any possible nitrate buildup in the soil and 
saprolite beneath the field needed to be investigated. 

At the request of the City three wells were placed on 
the Randleigh Dairy Farm of N.C. state University and sam
pled during the first three years of the study. One was 
placed adjacent and downslope from a cattle feedlot; one was 
placed at the edge of a field in which crops were grown, and 
a third at the base of a dam forming a pond into which 
runoff from the feedlot and a pasture collected along with 
discharge from a pond which received washings from the dairy 
barn and was generating methane gas from the waste. 

During the third year of the investigation monitoring 
wells were installed in Field 61A, and one additional well 
was installed in the fourth year. Commercial fertilizer was 
applied to Field 61A after installation of the monitoring 
wells. The study was terminated when funds were no longer 
available during the fifth year of the study. 

The water quality analyses and the water level measure
ments collected during the course of the investigation are 
on file with the University of North Carolina Water 
Resources Research Institute in electronic form. Printed 
copies of the data are also on file with the Public Utili
ties Department of the City of Raleigh. Monitoring well 
logs and sample descriptions are also filed with both the 
City and the Water Resources Research Institute. 
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PURPOSE AND OBJECTIVES 

The overall purpose of the investigation has been to 
expand the understanding of the migration of nitrate toward 
the saturated zone. Objectives included within this general 
purpose include developing an understanding of (1) the rate 
at which nitrate might move downward toward the shallow 
ground water; (2) the relationship between biosolids loading 
and possible nitrate impact on the shallow ground water; and 
(3) the possible contributions of nitrate to streams through 
ground-water discharge from beneath the fields to which 
biosolids are applied. Implicit in these objectives is the 
need to derive an understanding of any relationship between 
and among climatic factors, timing of biosolids application, 
biosolids loading, and plant uptake. The chief focus of -the 
project, however, has been on evaluating changes in the 
shallow ground-water quality with the passage of time. 

Summarizing, the three basic objectives underlying the 
investigation were to 

1. determine the length of time required for 
nitrate derived from the biosolids to reach 
shallow ground water; 

2. determine the general level of risk for nitrate 
impact on the ground water present in the 
crystalline rocks underlying the saprolite at 
the NRWWTP; 

3. compare for similar geologic and geomorphic 
settings the nitrate concentrations beneath 
Field 102 and Field 602, the comparison being 
between a long-used field and one to which 
biosolids were first applied after commencement 
of the investigation. 

Additional comparisons were to be sought between the ground 
water beneath the two fields and the nearby cattle feedlot 
at the Randleigh Dairy Farm, a field on the Randleigh Dairy 
Farm to which only commercial fertilizer had been applied, 
and a location at the farm downslope from a pond receiving 
runoff from both a pasture and a waste-digesting, methane
generating, covered lagoon. 
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Comparison of the ground water beneath a field to which 
only commercial fertilizer was added became part of the 
investigation when 14 monitoring wells were installed at 
Field 61A in April 1993. The purpose of the Field 61A study 
was to develop an understanding of the movement of N03-N 
derived from commercial fertilizers to the shallow ground 
water. A corollary objective was to compare the nitrate 
buildup beneath the field with the demonstrated nitrate 
buildup from biosolids application beneath fields similarly 
placed on the Piedmont landscape (Field 102 and Field 602) . 
Work on this part of the investigation stopped in 1995 
because of restrictions on funding. 
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STUDY SITES 

Location 

The Neuse River Wastewater Treatment Plant (NRWWTP) is 
located in the southeastern part of Wake County in a predom
inantly agricultural area. The NRWWTP may be reached from 
1-40 south of Raleigh by travelling Rock Quarry Road (SR 
2542) to its intersection with Battle Ridge Road (SR 2552) 
and following Battle Ridge Road until it comes to a deadend 
at the plant site. Other routes from U.S.70 in Garner and 
Clayton may be used to get to the plant. 

Figure 1 shows the general location of the NRWWTP and 
the location of the three fields (Field 102, Field 602, and 
Field 61A) utilized in the 1990-1996 study. Field 102 is 
located approximately 0.85 mi south-southwest of the office 
at the NRWWTP, west of Brown-Field Road (SR 2553) and about 
0.3 mi south of its intersection with Battle Ridge Road (SR 
2552). Field 602 is located about 1.4 mi south of the 
office at the NRWWTP and south of Old Baucom Road (SR 2542), 
approximately 0.6 mi east of intersection with Brown-Field 
Road (SR 2553). Field 61A is located on Mial Plantation 
Road (SR 2509) approximately three-quarters of a mile from 
its intersection with Old Baucom Road (SR 2542) and about 
1.25 mi southeast of the office at the NRWWTP. The Rand
leigh Dairy Farm facility of N.C. state University is at the 
intersection of Garner-Knightdale Road (SR 2555) and Battle 
Ridge Road (SR 2552) . 

Description 

The initial study sites selected were Field 102 (12 ac) 
(Fig. 2) and Field 602 (12.5 ac) (Fig. 3). Field 102 was 
chosen because it had been used for biosolids disposal for 
over 10 years, being one of the initial fields so utilized. 
A no-longer used water well (Well 28) lies near the center 
of Field 102 (Fig. 2). This well was used for ground-water 
sampling during the 1988-1989 study. 

In the latter part of the investigation Field 102 was 
utilized to study changes in ground-water quality in re
sponse to cessation of biosolids application to the field. 
No biosolids or other soil amendments were applied to the 
field after October 1993 until ground-water sampling stopped 
in March 1996. An additional purpose for the use of Field 
102 was to examine the extent to which N03-N might have 
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moved toward the granite underlying the field and to examine 
the possibility that N03-N derived from the biosolids was in 
a position to penetrate into the ground water contained in 
the fractures of the crystalline rocks. 

Field 102 has about 25 ft of topographic relief and 
slopes westward toward a stream at its base (Fig. 2). The 
stream is downcut about 15 ft below the level of the lower 
edge of the field. The cultivated area is separated from 
the stream by a vegetative buffer approximately 50 ft wide. 

Field 602 was chosen because it had recently been 
leased by the City but had not yet been prepared for bio
solids disposal. The last crop grown on the field report
edly was corn which was fertilized with, commercial fertil
izer. 

Field 602 lies in the lower reaches of a southward 
slope which extends from north of Old Baucom Road (SR 2542) 
to the stream at the foot of Field 602. It has about 25 ft 
of topographic relief (Fig. 3). A vegetative buffer of 20 
to 30 feet lies between the cultivated portion of the field 
and the floodplain of the stream flowing eastward at its 
base. The stream at Field 602 is incised about 5 ft below 
the topographic surface within the vegetative buffer along 
most of the field. In places toward the southeastern corner 
of the field the topographic slope of the field intersects 
the floodplain of the stream with essentially no bank or 
sharp break in the slope. 

During the second year of the study the City requested 
that monitoring wells be placed on the Randleigh Dairy Farm 
(Fig. 1) to be used for comparison purposes. Three moni
toring wells were constructed on the Randleigh property. 
One (R2) was placed on the edge of a field to which com
mercial fertilizer was applied on a regular basis and which 
was used for growing corn. A second well (R3) was placed 
adjacent to the cattle feedlot behind the dairy barn on the 
Randleigh property. The third well (R4) was situated below 
the dam of a pond used to collect runoff from the feedlot, a 
portion of the intervening pasture, and drainage from a 
covered methane-generating pond. Figure 4 shows the loca
tions of these wells. 

Field 61A (Fig. 1) was brought into the investigation 
in April 1993 after it was decided that the NRWWTP study 
should include for comparison purposes a field to which 
commercial fertilizer alone was being applied. This 5.7 ac 
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field is in the northwest corner of a larger field to which 
biosolids were first applied in 1993. Field 61A lies on the 
southwest slope of a southwest-trending topographic ridge. 
Relief across the field is about 15 ft. Topographically it 
lies at the upper end of the larger field, and the general 
regional topographic slope is eastward toward the Neuse 
River. 

The monitoring well locations are shown in Fig. 5. 
Well 61A is known in the City's numbering system as Well 46. 
Data collection at this field began in May 1993 with the 
collection of four baseline samples from each well and 
ceased in July 1995. 

Table 1 gives the locations of the monitoring wells for 
all three fields as well as the midpoints of the individual 
screens. 

Geology 

The Rolesville Granite provides the parent material for 
the saprolite and soils that are found at all of the study 
sites (Parker, 1979). Bedrock lies about 30 ft or more 
below the land surface over much of the area. In places 
granite outcrops and large boulders are found in the complex 
of fields used by the City for biosolids disposal. Near the 
top of Field 102 the former water supply well (Well 28) and 
one of the monitoring wells probably reached the weathered 
zone just above bedrock at depths of 50 to 60 ft. The log 
of Well 51 indicates that it is bottomed near the top of the 
granite. However, so far as is known, none of the monitor
ing wells encountered bedrock. Exposures of the granite in 
nearby quarries and outcrops show that it is fractured. 

Soils at Field 102 have been mapped as Wedowee B (2-6% 
slope), Wedowee C2 (6-10% slope) sandy loams. Underlying 
Field 602 are soils of the Durham soil series DuB, DuB2 (2-
6% slope), DuC2 (6-10% slope) loamy sand (Soil Conservation 
Service, 1970). A diabase dike cuts northeast to southwest 
through Field 102 (Parker, 1979), and occasional boulders of 
diabase may be found in the field along with various sizes 
of milky quartz derived from veins and veinlets in the 
granite. Soils at Field 61A are mapped as Wagram loamy sand 
on 2 to 6% slopes (Soil Conservation Service, 1970). 

The Wake County Soil Survey (Soil Conservation Service, 
1970) indicates that the surface horizons of the soils at 
both Field 102 and Field 602 possess permeabilities of more 
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Table 1. Monitoring well locations 

Well No. Meas.Pt. Ground 
Elev. Elev. 
(ft) (ft) 

Field 602 
30 212.74 211.22 
30.1 213.39 211.73 
31 
32 
33 
34 
35 
36 
37 
641 
642 
623 

240.69 23B.50 
232.44 230.43 
232.20 230.5 
225.22 223.51 

P1 
P2 
P4 
P5 
P7 
PB 
P10 
Pll 

Broken 
P13 
P14 

Field 102 
26 
2B 
2BA 

225.30 
225.69 
225.72 
224.BB 
224.95 

223.61 
224.33 
224.00 
222.49 
222.20 

NoSurvey +/-230.5 

214.72 
214.14 
212.70 
212.69 
213.10 
211. 3B 
216.31 
215.49 
(213.49) 
222.74 
220.56 

245.5B 
270.53 
271.22 

212.72 
212.B2 
210.32 
210.15 
212.43 
210.05 
215.06 
212.66 

219.7B 
219.4B 

242.20 

269.54 
2BB 
2BC 
3B 
39 
40 

271.19 269.71 
270.9B 269.42 
240.05 23B.46 
239.96 23B.27 
240.24 23B.50 

51 
52 

259.19 
259.27 

256.19 
256.27 

Randleig Dairy Farm 
R2 250.54 24B.06 
R3 213.10 

245.04 

Field 61A 
61A 222.45 
61B 222.37 
61C 222.53 
62 21B.2B 
62A 21B.39 
62B 219.21 
63 214. 03 
63A 214.00 
63B 213.BB 

216.B4 
216.91 
216.B9 
211. 30 
211. 35 
211. 33 

243.04 
211. 53 

220.10 
220.17 
220.13 
216.55 
216.60 
216.64 
211. 33 
211.34 
211. 34 
214.31 
214 . 34 
214.10 
20B.33 
20B.55 
20B.53 

64 
64A 
64B 
65 
65A 
65B 
163 NoSurvey +/-211.33 

North· 
(ft) 

East* 
(ft) 

Screen Screen 
Midpt. Length 
Elev. (ft (ft) 

7095B1. 42 
7095B6.39 

2150359.60 
2150350.02 

197.72 10 
179.73 2 

7102BO.76 2149737.76 205.0 
710029.47 2149930.6B 205.93 
710023.77 2149933.04 196.5 
70993B.09 2150345.27 204.01 
709944.24 
709793.33 
7097B9.29 
709742.94 
7073B.BB 

2150344.BB 
2149677.49 
2149692.3B 
2150161. 70 
2150160.BB 

1B9.61 
203.33 
192.40 
197.49 
209.20 
+/-214 

70961B.79 21499B6.50 207.02 
709619.51 21499B6.50 20B.64 
709577.19 2150127.76 204.4 
709577.19 2150127.76 20B.27 
709572.95 2150221.B9 205.76 
709573.01 
709701. B6 
709709.1B 

709B47.66 
709B46.3B 

7149B6.42 
713763.2B 
713756. B1 
713635.01 
713761. B5 
713B60.23 
713B63.02 
713B56.55 
713412.17 
713412.B2 

717059.62 
716145.51 
715501. 5B 

215021B.7B 
2149794.65 
2149B12.95 

214 9553. OB 
2145954.79 

207.13 
209.4B 
209.20 

212.95 
216.31 

216.16 214B290.55 
214B449.70 
214B454.39 23B.54 
214B44B.97 217.11 
214B457.B7 230.42 
214B053.76 210.46 
214B050.1B 19B.77 
214B050.02 217.50 
214B377.23 229.69 
214B3B1.73 224.77 

2143539.95 221.06 
2144136.10 213.54 
2143412.0B 199.03 

2156243.76 175.10 
2156247.09 17B.17 
2156251.66 174.13 
2156212.5B 179.55 
215629B.56 173.6 
2156205.69 16B.64 
2156072.56 1B9.83 
2156067.68 183.34 
2156064.82 178.34 
2156095.23 1B4.81 
2156091.67 1B1.34 
2156987.54 176.1 
2155965.08 192.03 
2155968.14 185.55 

10 
5 
2 
5 
2 
5 
2 
10 
2 
2 

1 

1 
1 

2 

2 
2 
5 
2 

2 

5 
2 
2 
5 
2 
2 
5 
2 
2 
5 
2 
2 

2 

713493.53 
713492.93 
713491.50 
713337.B3 
713339.B3 
713340.95 
713223.B6 
713226.02 
713227.13 
713367.24 
71336B.33 
713370.00 
713201. 37 
713200.33 
713199.01 2155971.34 180.55 2 

+/-1B9.5 2 

·N.C. Plane Coordinates, :lAD 1927 
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than 6.3 in/hr (4.4 E-3 cm/sec, 12.6 ft/day) in both fields 
and that the permeabilities of lower soil horizons are be
tween 0.63 and 2 in/hr (4.4 to 1.3 E-3 cm/sec, 1.26 to 3.9 
ft/day). Bailing and slug tests conducted on several of the 
monitoring wells yielded saturated hydraulic conductivities 
in this range for deeper horizons. The Wagram soils of 
Field 61A have similar permeabilities '(Soil Conservation 
Service, 1970). 

Samples of the subsurface materials were evaluated 
visually. Split spoon samples as well as cuttings were 
collected during the installation of the initial set of 
monitoring wells. Samples collected by hand-augering to 
depths of up to six feet were also evaluated. Detailed 
sample descriptions are on file with the City. 

The soil and saprolite derived from the granite under
lying the fields are generally medium- to coarse-grained and 
are dominated mineralogically by quartz and weathered feld
spar. As befits material derived from a medium- to coarse
grained granite, the saprolite in which the monitoring wells 
are installed can be treated hydrologically as a porous 
medium. Depending upon local variations in the texture and 
structure of the parent granitic rock and the vicissitudes 
of the weathering process, local variations in hydraulic 
conductivity and texture can be expected. In addition, 
macropores can be anticipated to exist in the upper portion 
of the section, derived from roots and burrowing animals and 
from fractures, quartz veins and veinlets associated with 
the granite. Also, experience has shown that fractures and 
quartz veins may exist in the granite underlying the sap
rolite. These features can be connected to the ground water 
in the saprolite and provide pathways for N03-N enriched 
ground water to move within the bedrock (Welby, 1968; Heath, 
1983) . 

Saprolite was encountered between one and two feet below 
the surface in samples collected for soil nitrate and del N-
15 analysis. Sample colors generally indicate the prepon
derance of oxidizing conditions in the subsurface as do 
exposures in the banks of the creeks along the edges of 
Field 102 and Field 602. However, during installation of 
the hand-augered monitoring wells within and adjacent to the 
floodplain of the stream at Field 602 (Field 602 stream) as 
well as piezometers in the stream bed, gray colors were 
encountered. These colors indicate the presence of reducing 
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conditions; the locations where they were found are in the 
low, swampy area below the southeastern corner of Field 602. 

Climatological Aspects 

The climate of the Raleigh area is humid subtropical 
with no distinct dry seasons (Cfa of the Koppen classifi
cation; Muller and Oberlander, 1984). Hardy (Soil Conserva
tion Service, 1970) notes that the precipitation across Wake 
County decreases from southeast to northwest. In one ten
year interval the average annual precipitation in the south
eastern portion of Wake County, where the NRWWTP is located, 
was 50 inches/year. In the northwestern portion of the 
county, at the Raleigh-Durham Airport, -the average rainfall 
was 43 inches/year for the same ten-year period. Generally 
precipitation is distributed evenly through the year with 
areally general rainfall associated with frontal systems 
occurring in the late fall and winter months and thunder
storm-dominated precipitation characterizing the summer 
months, although periods of sustained rainfall can and do 
occur during the summer months. 

Rainfall records have been collected near the NRWWTP 
office for a number of years. The rainfall data covering 
the study period are presented in Table 2. Figure 6 ex
presses these data graphically. 

Water Budget Calculations 

A water balance using the Thornthwaite-Mather method of 
calculation (Thornthwaite-Mather, 1957) was computed for the 
Raleigh area by Tang (1980). Evapotranspiration generally 
exceeds precipitation from April to September. Recharge of 
soil moisture and ground water occur between October and 
March. Depending upon the assumptions made about soil 
moisture needs and surface runoff, ground-water recharge 
begins in late November to January in the calculations. 
Tang's (1980) analysis of the Raleigh-Durham Airport weather 
records suggests that the total recharge to ground water in 
the Wake County area approximates 10 percent of the precipi
tation. 

Since the NRWWTP weather records do not contain temper
ature data, the temperature records from the National 
Weather Service Station R4SW, which is located about 10 
miles northwesterly from the NRWWTP, were used in calculat
ing a water budget for the NRWWTP. Because no data were 
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Table 2. Monthly Precipitation NRWWTP 

Date Julian 1900 Julian 1989 Rainfall - in. Date Julian 1900 Julian 1989 Rainfall - in. 

01131190 32904 31 3.75 06/30/93 34150 1277 0.80 

02/28/90 32932 59 3.35 07/31/93 34181 1308 5.25 

03/31190 32963 90 5.60 08/31/93 34212 1339 8.75 

04130/90 32993 120 2.05 09/30/93 34242 1369 

05/31190 33024 151 6.30 10/31193 34273 1400 4.10 

06/30/90 33054 181 2.35 11/30/93 34303 1430 3.55 

07/31190 33085 212 3.75 12/31193 34334 1461 3.85 

08131190 33116 243 7.60 01131194 34365 1492 4.7 

09/30/90 33146 273 0.95 02/28/94 34393 1520 3.7 

10/31190 33177 304 4.95 03/31194 34424 1551 5.7 

11130/90 33207 334 2.85 04/30/94 34454 1581 0.75 

12131190 33238 365 3.65 05/31194 34485 1612 2.95 

01131191 33269 396 5.70 06/30/94 34515 1642 5.15 

02/28/91 33297 424 07/31/94 34546 1673 5.45 

03/31191 33328 455 5.20 08/31194 34577 1704 2.81 

04/30/91 33358 485 1.30 09/30/94 34607 1734 2.85 

05/31191 33389 516 3.65 10/31194 34638 1765 6.05 

06/30/91 33419 546 3.70 11130/94 34668 1795 1.2 

07/31191 33450 577 4.50 12/31194 34699 1826 1.35 

08/31191 33481 608 4.75 01131195 34730 1857 4.3 

09/30/91 33511 638 2.05 02/28/95 34758 1885 7.7 

10/31191 33542 669 1.01 03/31195 34789 1916 4.1 

11130/91 33572 699 0.88 04/30/95 34819 1946 1.65 

12/31191 33603 730 3.80 05/31195 34850 1977 4.4 

01131192 33634 761 4.30 06/30/95 34880 2007 11.3 

02/29/92 33663 790 3.05 07/31195 34911 2038 2.75 

03/31192 33694 821 3.75 08/31195 34942 2069 7.9 

04/30/92 33724 851 2.35 09/30/95 34972 2099 4.25 

05/31/92 33755 882 2.75 10/31195 35003 2130 10 

06/30/92 33785 912 7.30 11130/95 35033 2160 4.85 

07/31192 33816 943 0.80 12/31195 35064 2191 2.4 

08/31192 33847 974 4.05 01131196 35095 2222 4.1 

09/30/92 33877 1004 0.70 02/29/96 35124 2251 2.8 

10/31192 33908 1035 3.15 03/31196 35155 2282 3.1 

11130/92 33938 1065 6.60 
12/31/92 33969 1096 2.60 

01131193 34000 1127 6.65 
02/28/93 34028 1155 2.20 

03/31193 34059 1186 6.95 
04/30/93 34089 1216 4.90 

05/31193 34120 1247 3.25 
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Table 3. Water Budget Calculations for NRWWTP 

Thornthwaite Water Budget Calculations for: NRWWTP 

Available moistur 4.68 inches Latitude 35.73 

start Potentia Actual Final 
Temp Precip Storage Evapotr Evapotr storage 

degr F (inches) (inches) (inches) (inches) (inches) 
Jan 39.4 4.30 2.88 0.19 0.19 4.68 
Feb 44.9 7.70 4.68 0.47 0.47 4.68 
Mar 53.6 4.10 4.68 1.39 1.39 4.68 
Apr 63.9 1.65 4.68 2.87 2.73 3.60 
May 65.3 4.40 3.60 3.43 3.43 4.57 
Jun 77.4 11.30 4.57 5.84 5.84 4.68 
Jul 79.5 2.75 4.68 6.41 5.29 2'.14 
Aug 75.4 7.90 2.14 5.16 5.16 4.68 
Sep 69.7 4.25 4.68 3.42 3.42 4.68 
Oct 60.6 10.00 4.68 2.10 2.10 4.68 
Nov 55.2 4.85 4.68 1.29 1.29 4.68 
Dec 48.4 2.40 4.68 0.70 0.70 4.68 

ANNUAL 61.1 65.60 33.28 32.01 

References: 
Cort J. Wilmott. 1977. WATBUG: A Fortran IV Algorithm for 

Calculating the Climatic Water Budget. U. of Delaware, 
Water Resources Center. 55 pages. 

degrees 

Surplus 

(inches) 
2.31 
7.23 
2.71 
0.00 
0.00 
5.35 
0.00 
0.19 
0.83 
7.90 
3.56 
1.70 

31.79 

John R. Mather. 1979. The Influence of Land-Use Change on Water 
Resources. University of Delaware, Water Resources Center. 
60 pages. 

C.W. Thornthwaite and J. R. Mather. 1957. Instructions and Tables 
for Computing Potential Evapotranspiration and the Water 
Balance. Publications in Climatology, Laboratory of Climatolog 
Volume X, Number 3. 

Northeast Regional Agricultural Service, 1989 
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available for use in estimating surface runoff, the surplus 
curve represents water that is available for both recharge 
to ground water and for surface runoff. The results of the 
calculation using the data from the NRWWTP and Station R4SW 
is summarized in Figure 7. 

Although there may be some differences in the resulting 
plots when different assumptions about initial soil moisture 
parameters are used, the broad pattern shown in Figure 7 is 
believed representative of the water budget in the NRWWTP 
vicinity. In years when there is less rainfall in June than 
in 1995, there is little or no surplus in the summer. 

The exact configuration of the Potential Evapotrans
piration (PET), Actual Evapotranspiration (AET) and Surplus 
curves depends upon the assumptions made about available 
soil moisture and the January soil moisture storage. Table 
3 summarizes the data and calculations (Northeastern Re
gional Agricultural Engineering Service, 1989) used in 
preparation of Figure 7. 

Biosolids and Commercial Fertilizer Loadings 

The timing and amounts of biosolids nitrate-nitrogen 
(N03-N) applied to Fields 102 and 602 are illustrated in 
Figure 8 and Figure 9, respectively. The biosolids are 
injected into the soil. Tables 4 and 5 present the data, 
and Figures 10 and 11 summarize the cumulative biosolids
derived nitrogen loadings for each of the fields. Bar 
graphs summarizing the 20 percent Plant Available Nitrate
Nitrogen (PAN) values for each biosolids loading are found 
in Fig. 12 and Fig. 13. Table 6 lists typical biosolids 
compositions. 

Field 102 received biosolids for approximately 10 years 
prior to the beginning of the current study in 1990. By 
October 8,1987, 2900 lbs/ac of N03-N had been applied (King, 
Welby, et al., 1989). The first application of biosolids to 
Field 102 after the beginning of the current study was in 
November 1990 followed by a second round of applications in 
February 1991 prior to planting. Applications were made in 
September and October 1991, June 1992, February 1993, April 
1993, and September and October 1993. No further biosolids 
loading took place on Field 102 after October 1993, nor were 
other soil amendments applied after this date. 
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Table 4 • Field 102 biosolids loading 

BIOSOLIDS LOADINGS FIELD= 102 
FIELD SIZE= 12.0 acres 

FILE: NRSL102 

DATE JULIAN JULIAN BIOSOLID PERCENT 20 % TOTAL TOTAL TOTAL CUM. LOAD 
1900 1989 (LBS) TOTAL N PAN/AC (LBS) PER ACR APPLIED APPL/AC. 

PER ACRE 

11/21/90 33198 325 15484 7.29 19 1128.7 94.1 
11/26/90 33203 330 33380 7.36 41 2456.8 204.7 298.8 298.8 

02/18/91 33287 414 49702 7.22 60 3588.5 299.0 
02/22/91 33291 418 29512 7.20 35 2124.9 177.1 
02/25/91 33294 421 23129 7.43 29 1718.5 143.2 619.3 918.1 

09/17/91 33498 625 22203 6.74 25 14 96.5 124.7 
09/18/91 33499 626 12618 6.74 14 asO.5 70.9 
10/02/91 33513 640 44556 5.31 39 2365.9 197.2 
10/04/91 33515 642 2475 5.31 2 131. 4 11. 0 403.8 1321. 9 

06/03/92 33758 885 51725 5.71 49 2953.5 168.6 
06/15/92 33770 897 43873 6.43 47 2821.0 235.1 
06/19/92 33774 901 9645 6.43 10 620.2 51. 7 455.4 1777.3 

02/04/93 34004 1131 25605 7.26 31 1858.9 154.9 
02/09/93 34009 1136 33981 7.20 40.8 2446.6 203.9 358.8 2136.1 

04/13/93 34072 1199 55289 7.74 71. 3 4279.4 356.6 
04/21/93 34080 1207 42092 7.11 49.9 2992.7 249.4 606.0 2742.1 

09/23/93 34235 1362 50951 6.13 52.1 3123.3 260.3 
10/20/93 34262 1389 10686 6.41 11. 4 685.0 57.1 
10/21/93 34263 1390 44272 6.41 47.3 2837.8 236.5 
10/28/93 34270 1397 35583 6.75 40 2266.9 188.9 742.8 3484.9 
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Table 5. Field 602 biosolids loading 

8IOSOLIOS LOADINGS FIELD= 602 
FIELD SIZE= 12.5 acres 

FILE: NRSL602 

DATE JULIAN JULIAN 8IOSOLIO PERCENT 20 % TOTAL N TOTAL N TOTAL CUM. LOAD 
1900 1989 (L8S) TOTAL N PAN/AC (L8S) PER ACR APPLIE APPL/ ACR 

PER ACRE 

02/19/91 33288 415 64868 9.34 75 6058.7 484.7 
03/01/91 33298 425 13500 2.01 16 271. 4 21.7 
04/05/91 33333 460 41364 5.74 46 2374.3 189.9 696.3 696.3 

12/13/91 33585 712 41471 6.38 42 2645.8 211.7 
12/16/91 33588 715 7226 6.63 8 479.1 38.3 
12/26/91 33598 725 49052 6.74 53 3306.1 264.5 514.5 1210.8 

02/05/92 33639 766 22330 7.55 27 1685.9 134.9 
04/01/92 33695 822 23998 7.35 28 1763.9 141.1 
04/02/92 33696 823 28183 7.35 33 2071. 5 165.7 441. 72 1652.52 

09/30/92 33877 1004 45984 7.54 55.5 3467.2 277.4 
10/13/92 33890 1017 7241 7.65 8.9 553.9 44.3 
10/14/92 33891 1018 43264 7.65 53 3309.7 264.8 586.5 2239.02 

06/18/93 34138 1265 34624 7.47 41. 4 2586.4 206.9 
06/21/93 34141 1268 39579 7.70 48.8 ******** ******** 450.7 2689.72 

04/27/94 34451 1578 20454 7.7 25.2 ******** ******** 
04/28/94 34452 1579 29239 7.7 36 ******** ******** 
05/02/94 34456 1583 30317 8.48 41.1 ******** ******** 
05/03/95 34822 1949 16237 8.48 22 ******** ******** 
05/10/94 34464 1591 40444 7.93 51. 3 ******** ******** 
05/11/94 34465 1592 18325 7.93 23.3 ******** ******** ******** ******** 

11/07/94 34645 1772 47912 6.69 51. 3 ******** 256.425 
11/08/94 34646 1773 21478 6.69 23 ******** ******** ******** ******** 

07/21/95 34901 2028 77508 6.44 79.9 ******** ******** 
07/31/95 34911 2038 6685 6.97 7.5 ******** ******** 
08/01/95 34912 2039 44118 6.97 49.2 ******** 246.002 ******** ******** 
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Table 6. NRWWTP biosolids N03-N 

Year Average Biosolids N03-N 
(mg/l) 

1990 6.97 
1991 1.30 
1992 1.41 
1993 0.54 
1994 1.58 
1995 1.83 

With no further biosolids application taking place 
after October 1993, the study addressed the question of how 
long it might take the N03-N concentrations in the ground 
water to begin to decrease following cessation of biosolids 
application. Several crops were grown on Field 102 between 
October 1993 and the conclusion of the study in March 1996. 

The first applications of biosolids to Field 602 oc
curred in February 1991 following the collection of baseline 
data about water quality and soil nitrate concentrations. 
Additional applications were made in March and April 1991 
prior to the planting of the first crop on the field. 
Additional applications of biosolids were made to Field 602 
in December 1991, February and April 1992, September and 
October 1992, June 1993, April and May 1994, November 1994, 
and July 1995. 

Table 7 summarizes the application of commercial chem
ical fertilizer N03-N to Field 61A as well as the timing of 

Table 7 
Field 61A, Nitrate-nitrogen (N03-N) 

applied as commercial fertilizer. 

Date Julian Day 

OS/28/93 1244 

04/21/94 1572 

08/18/95 2053 

N03-N 
(lb/ac) 

186 

254 

190 

16 

Cumulative 
N03-N (lb/ac) 

186 

440 

630 



the applications. The last application on August 18, 1995, 
came after sampling for the study had been completed at 
Field 61A. Thus only 440 lbs/ac N03-N were applied during 
the course of the study. 
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METHODOLOGY 

Monitoring Wells 

Two- and three-inch diameter monitoring wells were 
installed by contractors to the City of Raleigh. Each well 
was drilled to the desired depth with a hollow stem auger, 
and Schedule 40 PVC casing and screen were installed. Sand 
was placed around the screen and bentonite pellets were 
placed above the screened interval to isolate the screen; 
the upper annulus was then filled with grout. Screen slot 
size was 0.010 in. Copies of the original driller's logs 
are on file with the City. Table 1 lists the locations of 
the monitoring wells, and their locations are shown on 
Figs. 2-5. 

Monitoring well stations were designed so that the 
shallowest well was placed with the top of a 5-ft screen 
about 5 ft below the water table at the time the wells were 
drilled. In some instances the top of the screen was placed 
somewhat deeper. At two-well stations the second well, with 
a 2-ft long screen was placed 5 to 10 ft below the bottom of 
the shallower screen. 

Field 102 
Two monitoring well stations were established ini

tially, each with three 2-in diameters wells (Wells 28A, 
28B, 28C; Wells 38, 39, 40). Wells 28A, 28B, 28C are adja
cent to Well 28 near the center of the field. The second 
station is located at the southwestern corner of Field 102 
and consists of Well 38, Well 39, and Well 40 (Fig. 2). 

In April 1993 an additional monitoring station consist
ing of two wells was established on the slope of the field 
(Wells 51 and 52; Fig. 2). A pre-existing monitoring well, 
Well 26, located near the northwestern corner of Field 102, 
was incorporated into the monitoring system for Field 102. 
This state-mandated monitoring well has a 10-ft screen and 
was used in the 1988-1989 study. Well 28, a pre-existing 
6-in diameter water supply well, was used for continuous 
water-level measurements with a Stevens recorder from Decem
ber 1991 to July 1993 when the recorder became inoperable. 
The well is apparently completed near the top of the granite 
at a depth of approximately 55 ft. 
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Field 602 
At Field 602 two pre-existing monitoring wells with 10-

ft long screens were incorporated into the monitoring system 
(Well 31, City Number = MW32, and Well 30). Well 31 was 
placed as a background well. Well 641, with a 10-ft long 
screen, was constructed in April 1992, and Well 642 was 
installed in April 1993 to sample the uppermost part of the 
saturated zone. Well 623 in Field 602 was installed in 
November 1994 to collect data from the uppermost portion of 
the saturated zone and was placed adjacent to Well 33. 

Hydraulic conductivity. Bailing and slug tests were made on 
the monitoring wells in Fields 102 and 602. For the slug 
tests a known volume of water was poured into the well bore 
and the falling water level was measured over short periods 
of time. In the case of the bailing tests the wells were 
bailed nearly dry, and the rate of water level rise meas
ured. 

P wells. Hand-augered 2-inch diameter wells (designated as P 
wells) were installed along the lower edge of Field 602 in 
early 1992. Their existence permitted sampling of the 
saturated zone at points a short distance from. the stream 
along the base of the Field 602 slope. Two wells were 
placed at each station: one with its 1-ft screen just below 
the water table and a second with its 1-ft screen about 2 ft 
below the more shallow screen. The P wells were constructed 
by hand-augering to the desired depth, placing the screen 
and riser in the hole, pouring sand into the annulus about 
the screen, sealing the annulus above the sand pack with 
bentonite pellets for approximately 6 in, and then back
filling to the surface with natural material which was 
compacted as it was placed in the annulus. 

Construction of the P wells had as its purpose acquisi
tion of information about the behavior of the water table 
adjacent to the stream and about the chemical quality of the 
ground water just before it discharged into the stream. The 
P wells were constructed within the vegetated buffer zone at 
the lower edge of Field 602 and along the edge of the stream 
floodplain. The midpoints of the 1-ft well screens are 
listed in Table 1. Two of the P wells (P13, P14) were 
constructed adjacent to a tributary to the Field 602 stream 
and about 60 ft from the western edge of the cultivated area 
of Field 602 (Fig. 3). 
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stream piezometers. Four shallow piezometer stations were 
installed, three in the stream bed and one on the edge of 
the swampy area about 60 ft west of Well 30 (Fig. 3). Their 
purpose was to establish the direction of ground-water flow 
beneath the stream. 

Piezometers were installed by hand-augering to a maxi
mum depth of six feet and installing 2-in Schedule 40 PVC 
pipe with filter cloth over the open end of the pipe. Once 
the piezometer riser was in place, the native sand and 
gravel in the stream bed were allowed to fill against it up 
to six inches above the pipe end, and six inches of benton
ite were placed in the annulus. Then native sand and gravel 
were allowed to collapse against the riser.· At each piezo
meter station one piezometer was placed, about 1 ft below the 
stream bed, and a second was placed about 2 ft below the 
stream bed. At the WLI-WL3 station the lowest piezometer was 
placed at a depth of approximately 3 ft below the stream 
bed. The piezometers are given the designation WL on the 
several maps (e.g., Fig. 3). One station of two piezometers 
was located about 30 ft downstream from the upstream weir 
(WL7, WL8). A second station consisting of three piezometers 
was located near the center of the approximately 400-foot 
stretch between weirs (WLl, WL2, WL3), near the Well PI 
station. A third set of piezometers (WL4, WL5) was located 
about 60 ft downstream from the lower weir, and the fourth 
set (WL4A, WL5A, WL6A) was located at the edge of the swampy 
area near Well 30 (Fig. 3). In 1993 the WLI and WL2 piezo
meters were washed out as were WL4 and WL5. Piezometers 
WLl, WL4, and WL5 were reinstalled in March 1995, and meas
urements continued until July 1995 when the piezometers were 
once again destroyed by high stream flow. 

Piezometers WLl, WL2, WL3, WL4, and WL 5 were installed 
in May 1991; WL7, WL8, WL4A, WL5A, and WL6A were installed 
in March 1992. Piezometers WL4 and WL5 were completed in 
coarse sand; WLl, WL2, and WL3 in medium to coarse sand and 
gravelly sand; WL7 and WL8 in sandy pebble gravel. The 
piezometers in the swampy area were completed in fine sand 
with some organic material in it. These sediments exhibited 
gray colors. The sands found at the other locations were 
white, yellow, and yellow-brown in color. The gray color 
found in conjunction with the installation of WL4A, WL5A, 
WL6A implies the existence of reducing conditions while the 
yellow and yellow-brown colors indicate the presence of 
oxidizing conditions. 
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Field 61A 

Fourteen monitoring wells were installed in April 1993 
at Field 61A. Well 163 was installed in November 1994 to 
sample the uppermost part of the saturated zone. 

Ground-Water Sampling 

A regimen of ground-water quality monitoring was devel
oped for the study sites. Water level, specific conduc
tance, and temperature were measured with a Yellow Springs 
Incorporated TLC 3000 Meter approximately biweekly. (Mention 
of a specific product does not constitute a product endorse
ment but is provided for information only.) With this 
instrument it is possible to ascertain water levels within 
0.01 ft; specific conductance in micromhos/cm (mmho/cm) , 
which is equivalent to one Siemens/m (S/m) in SI terminol
ogy; and temperature. 

Water quality samples were collected on an approxi
mately monthly schedule by bailing, although on occasion 
sampling was done more frequently. The ground-water sam
pling procedure consisted of bailing the individual well dry 
and waiting approximately 24 hours for it to recover. In 
the case of some of the 3-in diameter wells which could not 
be bailed dry a volume of water equivalent to two well 
volumes was removed from the well bore. 

The water-quality samples collected from as near the 
water table level as possible were placed in clean one-liter 
polyethylene bottles. They were then transported to the 
analytical laboratory at the NRWWTP within an hour of col
lection. At the laboratory the samples were measured for 
pH, temperature, and specific conductance shortly after 
delivery and before they were filtered using 45 micron 
filters. The laboratory values and field values of pH and 
specific conductance were compared and no significant 
differences were observed. The samples were analyzed for 
total dissolved solids (TDS), total organic carbon (TOC) , 
nitrate-nitrogen (N03-N) as well as chloride, sodium, potas
sium, calcium, and magnesium. No sample preservatives were 
used. From August 1994 through March 1996 sampling and 
water level measurements were done by personnel from the 
NRWWTP. A sampling pump was used to prepare the wells and 
to collect samples from August 1995 to March 1996. 
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Sampling bailers were cleaned in the laboratory and 
protected from contamination in transport. Each bailer was 
generally used for one well, although on some rare occasions 
it was necessary to field-rinse a bailer prior to its reuse 
in one additional well. The sampling protocol required that 
the samples be collected first from those wells showing the 
lowest N03-N concentrations in the ground water followed by 
those with higher concentrations. Prior to sample collec
tion, water level, specific conductivity, temperature, and 
pH were measured using the TLC 3000 Meter and a pocket
sized, battery-operated pH meter. 

A study of the variations in N03-N concentrations 
associated with repeated sampling in one well was made at 
Well 63 in Field 61A. The results are described in the 
discussion of the results of ground-water sampling at Field 
61A. 

Stream Water Quality 

To develop an understanding of ground-water discharge 
to the stream at Field 602 and to establish N03-N levels in 
the stream for future reference, a series of grab samples 
was collected at three stations between January 1991 and 
July 1992. One station was located about 10 ft downstream 
from the juncture of the small stream flowing along the west 
side of Field 602 and the stream along the base of Field 602 
(Sta. M). One station (N) was established near the location 
of Well PI, and one station (P) was located southwest of the 
location of Well P7 (Fig. 3). None of the water quality 
data represent flood or high water conditions or "first 
flush". The three stations represent points near the up
stream edge of Field 602, the central stretch of the stream 
along the base of the field, and near the downstream side of 
the field. 

Stor.m Water Runoff 

Four stations were established to collect surface 
runoff along the lower edge of Field 602 and a few feet 
downslope of the last row of corn growing in the field. 
Three others were placed west of and above the southward 
flowing stream which marks the west edge of Field 602 and 
which intersects the stream at the base of Field 602 at the 
southwest corner of the field. These three stations were 
established to catch runoff from the then wooded area west 
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of Field 602. The sampling period extended from March 1992 
to August 1992. A total of 29 samples adequate for analysis 
were collected during this time. 

Samplers consisted of one-liter bottles placed below 
the surface inside a piece of 4-in diameter plastic pipe. A 
triangular wooden frame directed water flow to a funnel 
placed in the mouth of the bottle. Aluminum screening was 
placed over the top of the funnel to prevent insects and 
large soil particles from washing into the bottle. A plas
tic ball float was placed in the bottle to close the funnel 
outlet when the bottle was full. A hole in the side of the 
funnel spout permitted excess water to spill to the side of 
the sample bottle after the bottle had been filled and the 
funnel blocked by the plastic ball float. Since there were 
no continuous stream level recorders in the stream at Field 
602, it is impossible to relate the surface runoff events 
with the stream hydrograph. Not all rainfall events which 
produced field runoff produced samples adequate for analy
sis. It is impossible to come to any reliable conclusions 
about the effects of surface runoff transport of N03-N from 
the data collected. 

Baseflow 

To evaluate the baseflow of the stream at the foot of 
Field 602, two V-notch weirs were installed across the 
stream. These were placed near where the stream turns 
against the slope of Field 602 and downstream from where the 
stream channel is near the middle of the floodplain but a 
short distance from where it leaves the toe of the slope 
from Field 602 (Fig. 3). Each of the sharp-edged, 6-in V
notches was cut from an aluminum cookie sheet and mounted on 
a board which formed the base of the weir. 

The objective for the weir installation was determina
tion of the difference in the flow volumes betweeen the two 
weirs, especially during low flow. The data obtained permit
ted an estimate of the ground-water contribution to the 
stream flow. From the knowledge of the baseflow so obtained 
it became possible to estimate the ground-water N03-N 
contribution from Field 602 to the stream. 

Soil Sampling 

Soil samples were collected for determination of N03-N 
to help in developing an understanding of the migration of 
N03-N through the soil and vadose zone. Several traverses 
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for sampling were established in Field 102, Field 602, and 
Field 61A (Fig.14, 15, 16). Except for the analyses done in 
conjunction with the del N-15 analyses the N03-N determi
nations were made in the soils laboratory at North Carolina. 
State University under the direction of Professor Larry D. 
King. 

Field 602 
Samples were collected from Field 602 in 1990, 1991, 

1993, 1995, and 1996. Hand-augering was used to collect the 
samples in September and October 1990 prior to application 
of biosolids to Field 602. In October 1991 Field 602 was 
sampled using power equipment. Cores were obtained by 
pushing the sampling tube into the soil to the desired 
depth. After extrusion of the core, samples were selected 
from the cores at the desired subsurface depths. 

In January and February 1993 a third set of samples 
was collected. For this sampling and subsequent sampling 
events a JMC Subsoil Probe (Clements and Associates, Newton, 
IA) was used. When possible the cores were extruded in the 
field, and samples collected. For those cases in which the 
soil could not be extruded in the field, the plastic core 
tube was returned to the laboratory and cut to retrieve the 
samples. During this sampling event duplicate samples were 
obtained by coring a second time at selected stations, and 
split samples from single cores were prepared. 

A fourth series of soil samples was collected in the 
fall of 1994 and spring of 1995 with the JMC Subsoil Probe. 
In addition, during the spring of 1996 soil sa~ples were 
collected in Field 602 for del N-15 stable isotope analyses, 
and N03-N values of these samples were determined. 

Field 102 
Soil samples were collected in 1990 and 1993 from Field 

102. The locations of the sampling stations are illustrated 
in Fig. 14. The 1990 samples were collected by hand-au
gering, and the 1993 samples with the JMC Subsoil Probe. 

Field 61A 
Figure 16 shows the traverses along which baseline soil 

samples were collected from Field 61A in 1993. Additional 
soil samples were collected in 1994 along these traverses 
after a total of 156 lb/ac of nitrogen as chemical ferti
lizer had been applied immediately prior to the May 28, 1994 
planting of a soy bean crop. 
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stable Nitrogen Isotope Analysis (del N-15) 

For more than 20 years it has been recognized that use 
of the stable isotopes of nitrogen (N-14 and N-15) is 
feasible in the study of nitrate impact on ground water 
(Kreitler, 1975; Kreitler et aI, 1978; Wolterrink, et al., 
1979). Use of the stable isotopes is based upon the fact 
that a fractionation, or concentration, of one isotope takes 
place during natural processes. This concentration arises 
because of the slightly different chemical behavior of the 
two isotopes which in turn is related to the difference in 
weight of the isotopes. The fractionation is a function of 
the chemical route that the nitrogen follows. The notation, 
del N-15, expresses the ratio of the difference between the 
ratio of N-15 to N-14 in a sample and the same ratio in the 
atmosphere divided by the ratio of the standard. The 
resulting ratio is multiplied by 1000 to express the 
quotient on a per mil (0100) basis (i.e., del N-15 = 
[[Rsample-Rstandard] /Rstandard]] x 1000, where R = (N-15/N-14), and 
Rstandard is the ratio of the isotopes in the atmosphere) . 

Surface and ground-water samples were collected and 
analyzed. These samples came from wells in all three 
fields, the stream at Field 602, and the three wells at the 
Randleigh Dairy Farm. Soil samples were collected from 
Field 602 in February 1996 for nitrogen stable isotope 
analysis. Further consideration of the use of the stable 
isotopes of nitrogen is left to the discussion of the re
sults of these analyses. 

Moisture Movement in Vadose Zone 

From April to July 1995 and from October 1995 to March 
1996 a soil moisture movement study was carried out using 
the Resonance Frequency Capacitance technique. The purpose 
of this investigation was to evaluate moisture movement 
through the vadose zone toward the water table. It was 
anticipated that by monitoring the moisture in the vadose 
zone it would be possible to determine times when N03-N 
might move toward the water table. 

The dielectric constant of the soil is affected by the 
mass of water contained in it. The measuring instrument 
determines the combined capacitance of the soil surrounding 
the access tube and the instrument. Changes in the capaci
tance are then related to the water content of the soil 
through calibration with the moisture content of undisturbed 
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soil samples. The water content of the calibration soil 
samples is measured by gravimetric techniques and is ex
pressed as volumetric moisture percentage. 

Once the instrument is calibrated, the probe is in
serted into the access tube and placed on the bottom, or 
near the bottom. The bottom of the access tube must be 
sealed, and the access tube must be free of moisture. Each 
moisture tube was swabbed to remove moisture prior to in
sertion of the instrument probe. The probe is then raised 
in 6-in increments up the 2-in diameter Schedule 40 PVC 
pipe. Soil moisture readings are made at each 6-in level. 
Troxler Electronics Laboratories'loaned the Sentry 200 AP 
Moisture Probe used in this study. 

Three soil moisture access tubes were installed in 
Field 602 and three in Field 61A in February 1995. These 
were placed at monitoring well stations so that comparison 
could be made of the soil moisture curves and the well 
hydrographs. Thrice weekly measurements were scheduled in 
the spring of 1995, but for a variety of circumstances, 
including unfavorable weather conditions, the ideal schedule 
was not adhered to. Generally, at least two measurements 
per week were made except when rain made them impossible. 

During the heavy rains of June 1995 many of the soil 
moisture access tubes leaked, and soil moisture measurements 
could not be made. The 1995 soil moisture study continued 
into July 1995. Subsequently, three replacement soil mois
ture access tubes were installed in Field 602 in November 
1995, and these were utilized from November through April 
1996. 

Data Interpretation 

Because the chief focus of the study has been upon 
changes in the water-quality parameters with time, the data 
have been interpreted using a variety of graphs which illus
trate the time-related changes in the various parameters. 
This approach enabled comparison of chemical data with the 
well hydrographs and the precipitation data. Comparison of 
the several water quality graphs with each other, plots of 
the rainfall at the NRWWTP, and plots of biosolids applied, 
as well as a cumulative plot of the biosolids applied, 
proved to be a key to interpretation of much of the data. A 
simple statistical test, the Cox-Stuart test (Conover, 
1970), was used to evaluate the presence of trends. 
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Maps showing the ground-water potentiometric surfaces 
provide clues to the probable flow direction for any bio
solids-derived N03-N reaching the saturated zone. 
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RESULTS 

Introduction 

The results of the study are summarized in a series of 
graphs and maps. When data are directly pertinent to the 
discussion, they are provided in the form of tables. 

An understanding of the ground-water flow patterns at 
Field 102 and Field 602 is important to the overall inter
pretation and understanding of the nitrate movement. Water
table maps provide clues to the probable direction of 
ground-water flow. Well hydrographs reflect the recharge to 
and discharge from the ground water and the potential for 
N03-N in the soil and vadose zones to move to the water 
table. Clues to possible movement of the N03-N from the 
soil to the ground water may be found in the relation be
tween increases in N03-N in the shallow ground water and the 
well hydrograph patterns. 

Volumetric flow rate data obtained from the V-notch 
weirs during periods of low flow provide information about 
baseflow and ground-water discharge. This information 
provides insight to the possible contributions made by 
ground-water to the N03-N in the streams. 

Field 102 

Water table fluctuations 
At Field 102 the water table slopes to the west and 

west-northwest (Figs. 17,18,19), reflecting the general 
topographic slope (Fig. 2) of the northern one-half of the 
field. This slope of the equipotential surface continues 
beneath the southwest-trending topographic slope in the 
southern one-half of the field. Figures 20 and 21 present 
interpretations of the depth to the water table for two 
dates. They emphasize the variability of the depth to water 
table across Field 102 and provide insight on the distance 
biosolids-derived N03-N has to travel to reach the saturated 
zone. 

In addition to the distance to be travelled, the 
length of time required for N03-N to migrate from the soil 
zone to the saturated zone depends upon the interplay among 
and between a number of factors. Included among these 
factors are infiltration capacity, soil moisture at the time 
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of a particular rainfall event, general hydraulic conduc
tivity of the soil and underlying saprolite (both saturated 
and unsaturated), presence of macropores, and the use of the 
soil moisture by the crops. 

From December 1991 to October 1993 a stevens water 
level recorder was installed in Well 28. The hydrograph 
generated by the recorder is given in Fig. 22. Hydrographs 
for the monitoring wells in Field 102 are presented in Figs. 
23 to 25. Comparison of the hydro graph from Well 28 with 
those of the other wells in the field reveals a similar 
pattern in the rise and fall of the water table. The hydro
graphs of Well 28B and Well 28C are nearly identical with 
that of Well 28. The hydrograph of Well 28A parallels that 
of Well 28; however, comparison of the Well 28A hydrograph 
with those of Well 28B and Well 28C (Fig. 23) shows that the 
water levels in Well 28A, the well whose screen is at the 
highest elevation (Table 1), are consistently lower than 
those found in Well 28B, the deepest well, but generally 
higher than those found in Well 28C, the intermediate depth 
well. Well 28B, with its screen set approximately 15 ft 
below the screens of the other two monitoring wells, consis
tently has a water level higher than those found in the 
other two wells until early in 1995 (Fig. 23). Beginning in 
1995 the water levels in Wells 28B and ~8A coincide. With 
some exceptions in 1992, the water level found in Well 28C 
is always lower than that found in the other two monitoring 
wells. The position of individual well screens and their 
midpoints vis-a-vis the median position of the water table 
in each well is provided in Table 8. 

Wells 38, 39, and 40, located on the lower portion of 
the slope in Field 102, exhibit a vertically downward gradi
ent (Fig. 24). The water levels in Wells 51 and 52 (Fig.25) 
seem to coincide, indicating that at this station the ground 
water is moving essentially horizontally. 

A second relationship that may be observed is that the 
peaks in the hydrographs of the wells located lower on the 
slopes of Field 102 occur about 20 days prior to those found 
in the hydrograph of Well 28 (Fig. 22). In addition, the 
amplitudes of the monitoring well hydrographs on the slopes 
are less than that of Well 28. If one can assume that an 
upward trend of a hydrograph represents a time of recharge 
to the water table, then it also represents a time when N03-
N is most probably transported from the vadose zone toward 
and to the saturated zone. The lower amplitudes of 
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some of the hydro graphs affect one's ability to relate the 
hydrographs to the possible migration of N03-N through 
comparison with the N03-N and chloride time-series curves. 

Concern about the possibility that ground water carry
ing elevated concentrations of N03-N might be discharging 
into the pond at the southwest boundary of Field 102 (Fig 2) 
developed during the course of the study. In general, the 
orientation of the equipotential contours suggests that this 
is probably not the case. However, by projecting the topo
graphic contours from downstream of the dam to obtain a 
probable topographic configuration of the pond bottom, one 
can determine a possible relationship between the pond 
bottom topography and the position of the water table. It 
is also possible to estimate the water depths in the pond. 

Figures 18 and 19 show the water table configuration at 
different times. Cross-sections drawn across the pond at 
the dam and at about the middle of the pond together with a 
longitudinal section along the northern edge of the pond 
show that the water table lies below the pond approximately 
3 to 5 ft in June and November 1993. However, in December 
1995 the water table was high enough so that it was about 2 
ft above the base of the pond. 

The orientation of the equipotential lines suggests 
that at those times when the water table may be above the 
base of the pond the ground water probably discharges only 
into the eastern upstream portion of the pond. It appears 
that ground water from Field 102 discharges into the pond 
only when the water levels in wells 28A and 28B are above 
the 239-ft elevation. This discharge probably comes chiefly 
from the southeastern corner of the field. 

Field 602 

Figures 26, 27, and 28 are representative maps show
ing the water-table configuration beneath Field 602. Figure 
29 shows the depth to the water table for the conditions 
represented by Fig. 28, and Fig. 30 illustrates the depth to 
the median position of the water table. In general, ground 
water moves toward the southeast across Field 602. Ground
water discharge from beneath Field 602 may be observed in 
the stream along the base of the field during periods of low 
flow or when the stream is dry except for short stretches 
where ground-water discharge is taking place. 
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Water table fluctuations 
The well hydrographs of Figs. 31-35 illustrate the 

variations in the water table elevation during the course of 
the study. The depths of the well screen midpoints below 
the median water level found in each well are provided in 
Table 8. 

The water level found in Well 32 is consistently 
slightly higher than that found in Well 33 (Fig. 31). It 
should be noted that Well 33 is slightly downgradient 
(south) of Well 32 and that the midpoint of the screen of 
Well 32 is about 10 ft above the midpoint of Well 33 (Table 
1). Well 623, which was constructed in late 1994, was 
placed so that it samples the uppermost, part of the 
saturated zone. On several occasions it was dry. The bottom 
of its screen is approximately 3 ft above the median water 
table elevation for Well 32 (218 ft). Although the 
measuring point elevation for Well 623 was not surveyed, it 
was determined through comparison with the measuring point 
elevation of nearby Well 32 to be 232.4 ft. Comparison of 
the hydrographs for Well 32 and Well 623 show no difference 
in the water table elevation within the accuracy of the 
measurements. 

The midpoints of the screens of wells 36 and 37 lie 
approximately 10 and 23.6 ft below the average position of 
the water table. The hydrographs of these two wells record 
an upward vertical gradient between them (Fig.32). No 
vertical gradient is reflected in the hydrographs for Wells 
34 and 35 (Fig. 33). In the case of this latter pair of 
wells, the midpoint of the Well 34 screen is about 7.1 ft 
below the median water table elevation, and the midpoint of 
Well 35 is about 21.5 ft below the median water table 
elevation. 

In the case of the pair of wells at the southeast 
corner of Field 602 (Well 30 and Well 30.1), there appears 
to be a small upward gradient from Well 30.1 (screen 
midpoint = 179.3 ft) to Well 30 (screen midpoint = 197.72 
ft; Fig. 34). The top of the 2-ft screen of Well 30.1 lies 
12.4 ft below the bottom of the 10-ft screen of Well 30. 
The median elevation of the water table in each of these 
wells is approximately 209 ft. The median water table 
position for Well 30.1 is approximately 30 ft above the 
midpoint of the screen, and for Well 30 the median position 
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Table 8. Screen depth below median water table elevation 

Well No. Screen Midpt. Median Water Screen Depth 

8elow Ground Table Elev. 8elow Median 

Surface (ft) (ft) Water Table 
(ft) 

Field 602 
30 13.5 209.0 14.0 

30.1 31.0 209.2 29.5 

31 33.5 230.2 25.2 

32 25.13 218.0 12.07 

33 34.0 218.0 21.5 

34 19.5 211.1 7.1 

35 34.0 211.1 21.5 

36 21.0 216.0 10.17 

37 31. 6 216.0 23.6 

641 25.0 213.2 15.7 

642 13.0 213.2 4.0 

623 +/-20.8 +/-219.7 +/-5.7 

PI 5.7 209.4 2.4 

P2 4.7 209.3 0.7 

P4 5.92 209.6 5.2 

P5 1. 88 209.85 1.6 

P7 6.67 208.8 3.0 

P8 2.82 208.8 1.7 

PI0 5.58 211.8 2.3 

Pll 3.46 211.8 3.3 

P13 6.83 217 .8 4.8 

P14 3.16 217 .8 1.5 

Field 102 
26 26.0 233.7 17.5 

28 xxx xxx xxx 
28A 31.0 238.0 (0.54) 

288 52.6 237.5 20.4 

28C 39.0 237.8 7.4 

38 28.0 218.5 8.0 

39 39.5 218.3 19.5 

40 21.0 218.8 1.3 

51 26.5 238.4 8.7 

52 31. 5 238.5 13.7 

Field 61A 
61A 45.0 188.2 13 .1 

618 42.0 188.2 10.0 

61C 46.0 188.2 14 .1 

62 37.0 187.1 7.5 

62A 43.0 187.1 13.5 

628 48.0 187.1 18.5 

63 21.5 190.3 0.5 

63A 28.0 190.3 7.0 

638 33.0 190.3 12.0 

64 26.5 190.5 2.7 

64A 33.0 190.5 8.2 

648 38.0 190.5 13.4 

65 16.3 193.5 1.5 

65A 23.0 193.5 8.0 

658 28.0 193.5 13.0 

163 "'/-22 +/-191.7 +/-2.2 
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of the water table is approximately 11 ft above the midpoint 
of the screen. The two wells are topographically approxi
mately 3 ft above the edge of the swamp and the base of the 
slope, making the Well 30 screen midpoint approximately 11 
ft below the swamp and the Well 30.1 screen midpoint about 
32 ft below the swamp surface. 

Well 642 was installed in April 1993 to sample the 
upper portion of the saturated zone. Its hydro graph and the 
hydrograph of Well 641 are found in Fig. 35. The early 
portion of the Well 642 hydrograph follows that of Well 641. 
However, from late 1993 until early 1994 the water level in 
Well 641, the deeper well, lies above that of Well 642. In 
late 1994 the relationship is reversed. Beginning in early 
1995, the water levels in the two wells, are essentially at 
the same elevation. 

P wells. Eight of the P Wells were located adjacent to the 
edge of the Field 602 stream on the edge of its floodplain 
(Fig. 2). The well pair P13-P14 located adjacent to the 
tributary of the Field 602 stream contributed information 
about water levels and water quality near the southwestern 
corner of Field 602. 

Figures 36 through 40 are'hydrographs of the ten P 
wells. Wells P1 and P2, located just above the edge of the 
Field 602 stream (Fig. 2), extend below the level of the 
stream bed. The midpoint of the P1 well screen is about 6 
ft below the stream bed, and that of P2 is about 4 ft. The 
hydrographs of the two wells generally parallel each other 
with the water level in P2 usually being slightly above that 
found in P1 (Fig. 36). The hydraulic gradients between the 
two wells is illustrated in Fig. 41. 

Wells P4 and PS, located at the upper edge of the 
stream floodplain (Fig. 2) exhibit hydrographs that are 
generally similar. The hydro graphs (Fig. 37) suggest that 
the vertical gradient is generally small between these two 
wells whose screen midpoints are separated by 3.9 ft. The 
screens are estimated to lie 6.5 ft (P4) and 3 ft (PS) below 
the base of the stream. Figure 42 summarizes the distribu
tion of the hydraulic gradients found in the P4-PS well 
pair. Downward gradients are the more common, but in 1995 
upward gradients were present. 

The hydrographs of wells P7 and P8 are generally 
parallel (Fig.38). The water levels in P8 are slightly 
higher than those in P7. These wells are located at the 
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upper edge of the floodplain. The midpoint of the screens 
are located approximately 5 ft (P7) and 4 ft (P8) below the 
bed of the stream. 

PIO and Pll, which are located on the bank above the 
Field 602 stream (Fig. 32), exhibit similar hydrographs 
(Fig. 39). The dominant direction of the hydraulic gradient 
at this station is downward (Fig. 44). After 1994 this 
gradient is generally absent. On several occasions the 
water level at the site dropped below the position of the 
Pll screen. The PIO screen is estimated to be about 4 ft 
below the bed of the stream, and the screen of Pll is esti
mated to be about 2.5 ft below the stream bed. 

Placed adjacent to the stream found along the western 
edge of Field 602, Wells P13 and P14 (Fig. 3) were designed 
to gather data on possible westward movement of N03-N from 
Field 602. Their hydrographs are similar (Fig. 40). The 
data suggest that both upward- and downward-directed hydrau
lic gradients occur at this location. The midpoint of the 
P13 screen is estimated to be 5 ft below the stream bed and 
that of P14 2 ft below the stream bed. 

Figures 41 through 45 summarize the hydraulic gradients 
at each pair of wells. For the Pl-P2 pair about one-third 
of the measurements indicate an upward gradient; for the P4-
P5 pair upward gradients occur about as frequently as down
ward gradients. The data for the P7-P8 well pair suggest 
that downward gradients are predominate as do the data from 
Wells PIO and Pll. Finally, the upward gradient occurs more 
frequently at the P13-P14 site, reflecting that ground-water 
discharge to the adjacent tributary to the Field 602 stream 
is the more common situation. 

Instream piezometers. Figures 46 to 49 illustrate the hy
draulic gradient relations associated with the Field 602 
instream piezometers and the swampy area west of Well 30 
(Fig. 3). Piezometers WLl, WL2,and WL3, located in the 
stream bed near PI and P2, show that beneath the stream 
both upward- and downward-directed hydraulic gradients 
existed with about equal frequency during 1991-1993. How
ever, an upward gradient is more common between WL2 and WL3. 
From March to July 1995 a downward-directed gradient domi
nated between WLI and WL3 (Fig. 46). This downward gradient 
occurred during a wet period (Fig. 6). It should be noted 
that at the location of the WLI-WL3 piezometers the stream 
is seldom dry in contrast to reaches upstream from this 
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this location. WL1, WL2, and WL3 were placed 1, 1.6, and 
2.8 ft below the stream bed, respectively. In 1995 WL1 was 
about 0.75 ft below the stream bed. 

Piezometers WL4 and WL5 provide data on the ground 
water within the floodplain and beneath the stream (Fig.47). 
The vertical component of the hydraulic gradient fluctuates 
between an upward and a downward orientation with upward 
being the more common. WL4 and WL5 were placed about 
2.5 and 2 ft below the stream bed, respectively. These 
piezometers were reinstalled in 1995, and the data obtained 
from them in 1995 indicate an upward orientation for the 
hydraulic gradient during the wet period of 1995. This 
feature of the data corresponds to a like feature in the 
case of the well pair P4-P5 (Fig. 42)., 

Overall, the vertical component of the hydraulic 
gradient at the piezometer station west of Well 30 (WL4A, 
WL5A, and WL6A) appears to be oriented upward (WL4A toward 
WL6A) (Fig. 48). This orientation suggests ground-water 
discharge into the swamp as does the similar upward 
orientation of the hydraulic gradient between Wells 30 and 
30.1 (Fig. 34). Between WL5A and WL4A the intermediate and 
deepest depth piezometers, the vertical component appears to 
be chiefly downward (Fig. 48). 

Piezometers WL7 and WL8, located approximately 50 ft 
downstream from the upstream weir, recorded a tendency for 
an upward hydraulic gradient during the period 1992-1993. 
On the other hand, during the 1995 wet period a downward 
orientation to the hydraulic gradient existed (Fig. 49). 
The nearby well pair P10-P11 appear to be dominated by 
upward-directed hydraulic gradients except in 1995 during a 
period corresponding to a period of increased rainfall 
(Fig. 6). 

Weir measurements 
Table 9 summarizes the baseflow measurements made on 

the Field 602 stream. Data were collected between February 
1992 and August 1993. Zero values indicate times when the 
flow through the weirs was equal. Times when the stream was 
dry are not included. 

The baseflow was determined by measuring the 
differences in the volumetric flow rate between the upstream 
and downstream V-notch weirs. Rantz, et ale (1982) describe 
the method used to calculate the flow rate at each 
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weir. Positive values indicate ground-water flow into the 
stream, and negative ones indicate loss from the stream to 
ground water. In 36 of 47 measurements the volumetric flow 
rate at the downstream weir exceeds that of the upstream 
weir. Figure 50 illustrates the baseflow values. The 
average of these 36 volumetric flow rate differences is 
0.025 cfs. 

From July 13, 1992, through October 27, 1992, the 
upstream weir had no flow through it, but the downstream 
weir did. Ground-water discharge took place from the north 
bank of the stream beginning at the location near piezo
meters WL1-WL3 (Fig. 3). A similar situation obtained from 
June 30, 1993, through August 16, 1993, although both weirs 
were dry on July 22. 

Field 61A 

Field 61A was added to the study in April 1993 when 
14 monitoring wells were installed. A state-mandated back
ground well with a 10-ft screen already existed (Well 61A). 
As noted earlier, Field 61A was to be used for comparison of 
the movement of N03-N from chemical fertilizer with the 
movement of N03-N from the biosolids applied in other 
fields. Data collection at this field ceased in 1995. 
Figure 5 shows the distribution of the monitoring wells, and 
Figs. 51 and 52 illustrate the configuration of the water 
table. Depth to the water table for two dates is illus
trated by Fig. 53 and Fig. 54. The well hydrographs are 
presented in Figs. 55 to 59. 

Generally speaking, the water levels in each of the 
three monitoring wells at the monitoring well stations 
coincide or record a slight downward gradient. At the Well 
64 station the data point to an upward gradient between the 
shallowest well and the deeper wells (Fig. 58) . The water 
table slopes southeastward toward the Neuse River, which is 
approximately 1200 ft to the southeast of the southeast 
corner of Field 61A (Fig. 1). By way of contrast, the depth 
to the top of the saturated zone decreases in a southwest
erly direction from Well 61A (Figs. 51,53). 
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Table 9. BaBeflow from weirs, Field 602 

DATE Julian Delta (Q) DATE Julian Delta Q 

1989 (cfs) 1989 (cfs) 
02/21/92 782 0 10/08/92 1012 0.006647 
02/28/92 789 -0.08548086 10/15/92 1019 0.010977 
04/26/92 847 0.00234403 10/27/92 1031 0.02006 
04/27/92 848 0.03826096 11/17/92 1052 0.057433966 
04/29/92 850 0 11/23/92 1058 0.374255729 
04/30/92 851 0.003776378 12/05/92 1070 0.079103528 
05/01/92 852 0.03226434 12/18/92 1083 0.018558158 
05/03/92 854 0 12/21/92 1086 0.029157902 
05/05/92 856 0 12/30/92 1095 0.005830424 
05/11/92 862 01/06/93 1102 0.038093222 
OS/27/92 878 -0.00169541 01/27/93 1123 0.090555764 
05/31/92 882 -0.01675425 02/03/93 1130 0.023659366 
06/02/92 884 0.032285996 02/18/93 1145 
06/03/92 885 -0.00112214 03/10/93 1165 
06/04/92 886 0 06/03/93 1250 0.008544761 
06/06/92 888 0.007316129 06/10.93 1257 -0.00288815 
07/07/92 919 0.003022809 06/11/93 1258 0.001099655 
07/09/92 921 -0.00232737 06/18/93 1265 -0.00081033 
07/13/92 925 0.001940553 06/20/93 1267 0.001529128 
07/23/92 935 0.002946472 06/23/93 1270 0.000298162 
07/29/92 941 0.002412109 06/25/93 1272 0.000027354 
08/07/92 950 0.002412109 07/22/93 1299 
08/11/92 954 0.000426405 07/23/93 1300 0.000426405 
08/27/92 970 0.001536785 07/27/93 1304 0.001529128 
09/11/92 985 0.001940553 07/28/93 1305 0.001529128 
09/21/92 995 0.001529128 08/16/93 1324 0.000626887 
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Soil Moisture 

As noted earlier, there were two periods during which 
the Resonance Frequency Capacitance technique was utilized 
to study the soil moisture movement. The first period was 
from March 1995 to July 1995, and the second was from Novem
ber 1995 through April 1996. Both periods had some heavy 
rainfall, and during part of January 1996, there was snow in 
the fields. Nonetheless, potentially useful data were 
obtained. This part of the study addressed the pattern of 
moisture flow through the upper 6 to 8 ft of the vadose 
zone. 

Field 602 
Figures 60 and 61 illustrate some of the first data 

collected with the instrument. The precipitation of June 
1995, in particular, shows up on the curves of Figs. 60 and 
61, time-series graphs for depths of 13 and 25 and 31, 43, 
and 67 in, respectively, in Field 602. The soil moisture 
tube for these curves was located adjacent to Well 32. 
Figure 62 summarizes the daily and monthly rainfall for 
April through July 1995 at the NRWWTP while Fig. 65 compares 
the daily rainfall plot with the water levels in Well 32 
from March 1995 through July 1995. Figure 63 represents the 
soil moisture profiles for two dates in April and one in 
May, and Fig. 64 illustrates three profiles in June and 
early July 1995. 

Figures 63 and 64 show the soil moisture curves based 
on measurements at 6-in intervals down to a depth of 67 in 
as measured in a soil moisture tube placed near Well 32. 
Note the rainfall in early June (Days 1980-1990, Fig. 62) 
and the subsequent increase in soil moisture (Fig. 64). 
This was also a period when the water table was rising (Fig. 
65). Approximately coincident with the water table decline 
in early July, the soil moisture values found in the upper 
two feet began decreasing. Below a depth of 31 in soil 
moisture did not begin decreasing until late July (Fig. 64). 

Data obtained from the soil moisture tubes installed 
adjacent to Well 32 and Well 641 in October 1995 form the 
basis for the following discussion. Comparison of the peaks 
and lows on the Well 32 hydrograph (Fig. 65) suggests that 
during the October to March period the water table responded 
to rainfall events within 10 to 20 days after cessation of 
precipitation. During extended dry periods the water table 
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dropped with the lowest point on the hydrograph being 
reached approximately two weeks after the beginning of a 
period with no rainfall. 

In the next group of figures the soil moisture is 
expressed as the difference in volumetric soil moisture 
between the indicated date and the soil moisture on October 
25, 1995. The difference is expressed as a percentage of 
the soil moisture found on October 25, 1995. 

Figure 66 summarizes the soil moisture pattern through 
time for the 36-, 42-, 48-, and 54-in depths near Well 32. 
The interpretation placed upon these plots is that the 
precipitation in late October and early November is re
flected in the increase in soil moisturB beginning in late 
November (appproximately Day 2155) at depths of 42, 48, and 
54 in. The drying shown at the 36-in level in late December 
and early January is believed related to the period of low 
precipitation centered around Day 2180. The profile appar
ently dried out at the 36-in depth for a period of time 
before the January 1996 precipitation rewet the upper part 
of the profile (Figs. 66,67). The depth from the ground 
surface to the median elevation of the water table during 
this period is approximately 8 ft, and the depth to the 
long-term median water table is about 12 ft. 

The daily precipitation and the elevation of the water 
table in Well 641 from October 1995 through March 1996 are 
shown in Fig. 67. Comparison of these two curves suggests 
that between 3 and 13 days may elapse between the end of a 
period of significant precipitation and a peak on the 
hydrograph. Similarly, low points on the hydrograph follow 
the beginning of a period of no precipitation by 3 to 13 
days. Lag time was determined by visual comparison of the 
curves, and the interpretation is affected by the frequency 
of the water level measurements, by the moisture conditions 
in the vadose zone, and by the infiltration capacity of the 
soil. For example, in January 1996 around Day 2200 snow and 
ice covered Field 602 for several days. There probably was 
little infiltration during this period; however, when the 
snow and ice began to melt, infiltration occurred as there 
was little or no surface runoff from the field, and the 
meltwater appeared to be infiltrating. 

Comparison of the Well 641 hydrograph and the soil 
moisture curves with the precipitation plot (Fig. 67; Figs. 
68 to 71) discloses that peaks in the soil moisture curves 
occur at approximately the same time as peaks in the Well 
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641 hydrograph. Also, the low points on the hydrograph 
coincide with low points on the soil moisture curves. The 
peaks in the hydro graph and soil moisture curves follow 
within several days a one- to two-day period during which 
rainfall exceeds one inch. 

Figure 72 illustrates the changes in soil moisture with 
depth during January 1996 at the Well 641 location. In this 
case the soil moisture is expressed as a percentage dif
ference from the soil moisture found in the profile on 
October 25, 1995. Most notable is the general increase in 
soil moisture between the depths of 17 in and 85 in. 
Comparison of Fig. 67 and Fig. 72 reveal a general 
coincidence of increase in soil moisture and rising water 
table in association with the precipitation of late January 
and early February. The depth to the median water table 
position at the Well 641 location was approximately 9 ft, 
and during the December 1995 to March 1996 interval the 
water table ranged from 6 to 9 ft below the ground surface 
(Figs. 29, 35). 

Figures 73 and 74 illustrate results from near Well 32. 
Figure 73 shows that soil moisture increases in the profile 
after January 20, 1996. Figure 74A summarizes the soil 
moisture changes between November 29, 1995 and February 13, 
1996. Figures 74B and 74C summarize the incremental changes 
in soil moisture from 1995 to March 1996 at various depths 
below the surface. Combining the rainfall data with the 
hydrograph of Well 32 adjacent to the soil moisture tube 
gives Fig. 75. Noteworthy is the fact that the water table 
begins to rise in January as the soil moisture is 
increasing (Figs. 73, 74, 75). The water table is about 10 
ft below the ground surface at this time at the Well 32 
location (Figs. 29, 31). 

Field 61A 
Several soil moisture tubes were installed in Field 61A. 

Figures 76 and 78 illustrate the results of measurements 
made in a moisture tube near Well 63 (Fig. 5), and Fig. 75A 
provides information on the relationship between rainfall 
from April through July 1995 and the position of the water 
table. Soil moisture increased at depths down to 75 in 
with the early June 1995 period of precipitation, dropping 
off in mid- to late July (Days 1729-2019). Of note in Fig. 
76 is the apparent decrease in soil moisture at the 39-inch 
depth (Fig. 77) in mid-June (Day 1989), occurring during a 
period of no rainfall. This decrease is followed by an 
increase in soil moisture following a 1.6-inch rainfall at 
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Day 1995. At the 75-inch depth the soil moisture remained 
essentially constant from early June until late July (Fig. 
78). During the late June and early July period the water 
table was rising conincident with the increase in soil 
moisture (cf. Figs. 75A,76-78). 

Examples of vertical soil moisture changes near Well 63 
are provided in Figs. 79-82. In Fig. 79 the build up of 
soil moisture during and following the early June 1995 
rainfall (Fig. 75A) is illustrated. Soil moisture increased 
from May and early June levels (Figs. 79 and 82; Days 1964 
to 1984). Figure 80 records the changes in the vertical 
profile between July 7, 1995, and July 16, 1995. The soil 
moisture decrease in late July is also recorded in Fig. 83 
and Fig. 84. Moisture contents of 20 percent or less char
acterize the profile from April to early June, especially at 
depths greater than 50 in. In July the soil moisture re
turned to similar lower values after a period of higher soil 
moisture values between mid-June and mid-July (Figs. 80, 83, 
84) . 

Soil Nitrate 

Table 10 presents the soil N03-N concentrations found 
during several sampling events in Field 602. Table 11 summa
rizes the soil N03-N data from Field 102, and Table 12 
provides the soil nitrate data from Field 61A. Figures 85 
and 86 summarize the distribution of N03-N both horizontally 
and vertically within the two fields. In 1993 samples from 
duplicate cores as well as split samples from selected cores 
were obtained at several of the stations in Field 602. 
These were analyzed for comparison purposes. The results of 
these analyses do not affect the conclusions but reinforce 
them (Table 10). 

For Field 602 the 1990 N03-N concentrations represent 
baseline values which represent the condition of the field 
prior to application of any biosolids. Of the 12 stations 
in Field 602 with repeated sampling at the 2-ft depth, 12 
show an increase in N03-N concentrations between 1990 and 
1991. Similar patterns exist for the 4-ft and 6-ft depths, 
although the increases are generally relatively small com
pared to the changes found between 1993 and 1995. 

The N03-N concentrations found in the 1990 samples 
collected in Field 102 record not only the N03-N concen-
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Table 10. Field 602 soil nitrate concentrations 
and soil del N-15 

Leg/Sta.IDepth(ft) 1990 1991 1993 1995 1996 del N-15 
0/00 

ll2 2ft 0.5 18.1 28.8 

ll4 4ft 2.5 2.37 2.2 30.7 

ll6 6ft 1.35 2.9 14 .2 

122 2ft 1.2 0.002 6.8 33.6 23 +12.5 

124 4ft 4.4 5.015 6.6 16.1 24 +12.3 

126 6ft 1.5 3.086 6.6 8.8 

129 9ft 28 +14.0 

132 2ft 1.52 17.23 15 33.8 

134 4ft 3.4 6.43 1.7 22.4 

136 6ft 1.5 4.694 1.6 4.4 

212 2ft 4. 53 

214 4ft 41.5 

216 6f6 18.2 

222 2ft 1. 48 10.931 0.7 

224 4ft 0.8 7.78 32.2 

226 6ft 3.2 16.369 32.8 

232 2ft 1.6 9.966 9.1 0.7 22 +11. 7 

234 4ft 1.2 3.086 12.1 38.7 23 +10.8 

236 6ft 1. 52 6.623 17 .1 37.6 6 +7.7 

242 2ft 39.7 

244 4ft 35.8 

246 6ft 27.5 

252 2ft 37 

254 4ft 26.1 

256 6ft 25.5 

313 3ft 3.4 4. 565 

314 4ft 7.5 3.088 

316 6ft 1 7.459 

322 2ft 5.144 2.4 20.2 

324 4ft 5 17.6 46.2 

326 6ft 6.751 14 .2 31.3 

332 2ft 1.1 4.179 2.6 13.6 25 +11. 6 

334 4ft 1.6 1. 222 11. 6 25.5 40 +ll.5 

336 6ft 1. 35 7.1 17.8 +4.1 

339 9ft 11 

342 2ft 47 

344 4ft 6.3 

346 6ft 1.9 

412 2ft 1.6 13.117 9.9 

414 4ft 1.6 3.922 8.4 

416 6ft 1. 54 3.022 8.4 

422 2ft 10.481 0.1 20.8 

424 4ft 1.9 3.986 10.4 29.2 

426 6ft 3.536 6.7 31.3 

432 2ft 7.78 28.7 

434 4ft 4.115 5.1 

436 6ft 1.6 2.7 4.8 

442 2ft 1.286 26.1 

444 4ft 1.2 ::.508 2.3 

444 6ft 1.2 3.215 5.2 

B2 2ft Background samples are from outside -2.2 

84 4ft Field 602 at its northern edge -1.0 

86 9ft -1.0 

r.l.le:~oilno3. 

Leg 1 is E; Leg 2 is SE; Leg 3 ':'s S; Leg 4 is SW from Well 32.Sta.=50ft seg. 
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trations found before biosolids were applied to the field 
but also the accumulation of N03-N in the soils subsequent 
to biosolids application beginning in the early 1980s. 
Figure 85 illustrates the N03-N concentrations found in 
Field 102 in both the 1990 sampling events and the 1993 
sampling. The June 1993 samples record a more or less even 
distribution of N03-N through the upper 6 ft of the soil and 
saprolite profile. This relation may be an artifact of the 
sampling program, or it may indicate that after a certain 
period of biosolids application a semi-equilibrium develops 
between application of N03-N from the biosolids, N03-N 
movement through the soil below the root zone, and de
nitrification processes. It is anticipated that such a 
process would probably lead to a more or less even 
distribution of N03-N through the soil ~nd saprolite above 
the water table. The samples collected and analyzed from 
Field 102 in 1990 record elevated values of soil N03-N when 
compared with the baseline values found in Field 602. 

Comparison of the soil sampling data from Field 602 
(Table 10, Fig. 86) and Field 61A (Table 12, Fig. 87) shows 
that prior to application of commercial fertilizer in Field 
61A the baseline levels of N03-N in the two fields were 
similar. For Field 61A the average of 27 samples is 1.42 
mg/kg (Table 12). In the case of Field 602 the average of 
33 samples collected in 1990 is 2.12 mg/kg. Comparison of 
the 1993 and 1994 soil sample data from Field 61A (Fig. 87) 
discloses that the N03-N concentrations in the soil changed 
noticeably after application of the commercial fertilizer 
with the 1994 values being generally higher. The October 
1994 data represent the accumulation of N03-N in the soil 
after application of a total of 186 lb/ac of N03-N in May 
1993 and an additional 254 lb/ac in April of 1994, for a 
cumulative total of 440 lb/ac. Several crops were grown on 
the field subsequent to the initial fertilization. 

stable Nitrogen Isotope Studies 

Introduction 

Kreitler (1975) pointed out that the del N-15 value for 
anthropogenic and animal-derived nitrate differs from the 
del N-15 values associated with chemical fertilizers. 
Wolterink, et ale (1979) reported that nitrate in soils 
coming from human and animal wastes can be distinguished 
from natural soil nitrates on the basis of the del N-15 
values. Using nitrogen stable isotope del N-15 values, 
Kreitler (1975) distinguished between fields where no cattle 
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Table 11. Field 102 soil nitrate concentrations 

Sample No. Station Depth - ft 1990 1993 

mg/l mg/l 
90102-39/28 20ft 19.2 

32.9 
34. 9 

90102-39/28 125ft 34.9 
4 56.9 
6 

90102-175/15 15in 2 11.8 
4 16.4 

102-93-111 50ft 22.9 
102-93-112 16.9 
102-93-114 29.5 
102-93-116 17.9 

102-93-122 100ft 63.9 
102-93-124 70.3 
102-93-125 52.7 
102-93-126 34.0 

102-93-211 50ft 20.1 
102-93-212 22.0 
102-93-214 28.9 
102-93-216 08.9 

102-93-221 100ft 37.7 
102-93-222 20.7 
102-93-224 33.4 
102-93-226 25.4 

9028B!!plt.sp Well 28B 0.5 
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Table 12. Field 61A soil nitrate concentrations 

Leg/sta/ 1993 1994 Leg/sta/ 1993 1994 
Depth Depth 
102 4.9 
104 2.7 212 1.4 2.2 
106 2.7 214 0.7 3.3 

216 1.8 1.9 
112 0.4 5.8 
114 0.2 4.8 222 2.7 4.5 
116 9.5 224 0.7 3.4 

226 14 10.4 
122 1 5.7 
124 3.3 5.4 232 4.6 
126 11.1 234 6.7 

236 10.4 
132 7.6 
134 2.8 242 1 6.4 
136 1.5 244 0.1 3.3 

246 2.2 8.4 
142 0.5 8 
144 6.2 
146 1.3 8.8 

181 0.8 
183 0.1 
185 2 311 1.5 

313 0.5 
212 1.4 2.2 314 0.1 
214 0.7 3.3 316 0.1 
216 1.8 1.9 

341 1.7 
222 2.7 4.5 343 0.2 
224 0.7 3.4 344 0.1 
226 14 10.4 346 0.1 

232 4.6 
234 6.7 
236 10.4 

242 1 6.4 
244 0.1 3.3 
246 2.2 8.4 
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had been allowed after crops were harvested and fields where 
cattle were allowed to graze on the stubble. Komor and 
Anderson (1993) reported that natural, undeveloped areas 
underlain by sand-plain aquifers in Minnesota have N03-N 
concentrations of 3.8 mg/l and del N-15 values of +3.1 0/00. 

Sewage is apparently enriched in del N-15 above a value 
of +10 0/00. Showers, et ale (1990, Table 4) report del N-
15 values in water discharged from the NRWWTP as +12.4 and 
+11.73 0/00. Hydrolysable soil nitrate posseses del N-15 
values of between +4 and +9 0/00. Cultivation seems to 
place del N-15 values into the higher part of this range 
(Heaton, 1986). Bowen (1988), citing other investigators, 
notes that nitrogen isotope fractionation processes involve 
both biological components and some isotope exchange 
reactions. 

Herbel and Spalding (1993) demonstrated the utilitarian 
value of del N-15 in a denitrification study. Spalding, et 
ale (1993) used increasing del N-15 values and decreasing 
nitrate values to determine that within a nitrate plume 
which developed from excessively fertilized test plots the 
nitrate was experiencing denitrification. Kreitler, et ale 
(1978) noted on Long Island that the isotopic composition of 
ground water impacted by septic tank effluent and sewer 
leakage became heavier with increasing density of 
population, shifting from +10 to +20 0/00. Values of del N-
15 in the +3.0 0/00 range indicate that ground water has 
been affected by the use of commercial fertilizer and/or 
natural processes in the soil. Elevated values of del N-15 
at and above +10 0/00 point to the presence of significant 
amounts of biosolids-derived N03-N (Kreitler, 1975). 
Kreitler and Browning (1983) found that the del N-15 of 
nitrate in soils cultivated without fertilizers ranged from 
+2 to +8 0/00 whereas del N-15 values of nitrates resulting 
from decomposition of animal waste ranged from +10 to +22 
0/00. 

NRWWTP 

During the current study sampling for nitrogen stable 
isotopes was undertaken initially as a screening tool. For 
Field 602 the possibility existed that increases in N03-N 
values would be reflected in the isotopic composition of the 
ground-water N03-N, thus confirming that biosolids-derived 
nitrate had reached and penetrated into the saturated zone. 
The effects of nearby nitrate sources on the ground water at 
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the Randleigh Dairy Farm were examined using nitrogen stable 
isotopes. In February 1996 12 soil samples were collected 
at Field 602 for nitrogen stable isotope analysis. 

Table 13 presents the nitrogen stable isotope values 
from the ground-water sampling program. The data indicate 
that application of the biosolids is affecting the ground 
water and the stream at Field 602. However, they also show 
that the biosolids have not yet affected the ground water 
across the field uniformly. 

Field 102 
In the case of Field 102 all of the wells sampled for 

nitrogen stable isotopes except Well 28A have del N-15 
values above +10 0/00. Well 28A has both N03-N concen
trations consistently less than 8 mg/l (Fig. 88) as well as 
a low del N-15 (Table 13). Yet it is the shallowest well of 
the three monitoring wells at the station. Interestingly, 
Well 26 provided the highest del N-15 value (+12.8 0/00) at 
Field 102. 

Both Well 51 and Well 52 yielded samples in which the 
del N-15 exceeded +10 0/00 in April 1993 and again in May 
1995 (Table 12). The N03-N in both wells increased in the 
interval between the two samplings (Figs. 89,90). 

Field 602 
At Field 602, based on del N-15 values alone, Well 32 

and Well 33 have not clearly been impacted by biosolids
derived N03-N. The stable isotope data from Well 623 does 
not clearly indicate an impact from the biosolids. However, 
the increase of del N-15 from +2.4 to +4.5 0/00 in a year 
suggests an impact on the ground water at the Well 623 site. 

In contrast, the data from Well 641 and 642 suggest 
that N03-N from the biosolids is reaching the shallow ground 
water on the lower slopes of the field. The del N-15 values 
from Well 642, constructed in April 1993, indicate that the 
uppermost part of the saturated zone has received N03-N from 
the biosolids. There was an increase in del N-15 from +9.5 
0/00 in July 1993 to +11.2 0/00 in March 1996 (Table 13) . 
An accompanying increase in N03-N was from 34 mg/l to 51 
mg/l. 

Well 641 was sampled four times for the stable isotopes 
of nitrogen (Table 13). The sample in July 1993 gave a low 
postive del N-15 value (+3.0 0/00). However, the 1995 
sample showed a slight increase, and by March 1996 the del 
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Table 13. Ground-water del N-15, Fields 102 and 602 

Date Julian 5arrple Well No. del N-15 N03-N 
1989 0/00 mg/1 

3/30/96 2281 96-102-26-ISOT 26 +12.4 28 

8/9/95 2047 95-29-1S0T-1 29 +6.7 6.4 
LAB DUPLICATE 29 +6.9 6.4 

4/30/93 1216 93-28A-ISOT-1 28A +3.0 7.0 
4/29/93 1215 93-102-28B-1S0T-1'28C +11.2 45 
4/30/93 1216 93-28C-ISOT-1 28C +10.8 56 
5/27/95 1973 95-102-28C-1-I50T 28C +11.1 70 

4/29/93 1215 93-102-51-I50T-1 51 +12.3 54 
5/27/95 1973 95-102-51-1-ISOT 51 +11.8 71 

4/29/93 1215 93-102-52-ISOT-1 52 +11.0 36 
5/27/95 1973 95-102-52-1-150T 52 +11. 0 61 

4/29/93 1215 95-R2-1SOT-1 R2 +4.5 13 

4/29/93 1215 93-R3-1SOT-1 R3 +6.5 4.2 
11/3/93 1403 93-9R3-1SO-1 R3 +6.5 4.2 

4/29/93 1215 93-R4-1S0T-1 R4 +10.9 4.1 

4/30/93 1216 93-32-I50T-1 32 +3.0 5 
LAB DUPLICATE 32 +3.3 

11/3/93 1403 93-602-1032-1S0-2 32 +3.2 
LAB DUPLICATE 32 +2.5 4.9 

5/27/95 1973 95-32-1-ISOT 32 +3.3 6.5 

4/30/93 1216 93-33-1S0T-1 33 +3.2 5.6 
5/27/95 1973 95-33-1-ISOT 33 +2.9 5.4 

5/27/95 1973 602-95-623-1S0T-1 623 +2.5 7.4 
3/30/96 2281 602-95-623-ISOT-1 623 +4.6 8.6 

7/21/93 1298 93-602-641-1S0T-1 641 +3.0 4.2 
11/3/93 1403 93-602-10641-ISO-2641 +2.5 4.2 
5/27/95 1973 95-641-1S:)T-1 641 +4.5 8.2 
3/30/96 2281 96-602-641-1S0T 641 +7.5 16 

7/21/93 1298 93-602-642-1SOT-l 642 +9.5 34 
LAB DUPL::ATE 642 +9.5 34 

5/27/95 1973 95-642-:-:S0T 642 +11.1 46 
3/30/96 2281 96-602-':42-1SOT 642 +11.2 51 

11/3/93 1403 93-602-1036-1$0-1 36 +3.3 3.4 

11/3/93 1403 93-602-1GP1-ISO-1 P1 +3.7 3.7 
5/27/95 1973 95-P1-1-1SOT PI +10.9 10.6 

5/27/95 1973 95-P2-1-1SOT P2 +10.1 14.0 
LAB DUPLICATE P2 +10.0 13.8 

3/30/96 2281 96-602-P2-1SOT P2 +14.4 31 

3/30/96 2281 96-602-?4-1SOT P4 +9.6 11 

3/30/96 2281 96-602-?5-ISOT P5 +27.0 3.9 

5/27/95 1973 95-NWL-3-~-ISOT-l P1EZ. +14 .5 5.8 

5/27/S5 : 97 3 95- 602::·...::: P,-lISOT D'WE1R .. 9.9 3.5 
9/29/95 2067 95Dv."'E1?-:SGT-2 D'WEIR +11.2 4.2 

8/9/98 3:43 P-lLOC-1SJT-l STH.BANK +11.5 6.3 

3/9/95 2047 95-UP\\t:1 ?- 1SOT-l STH. BED +6.7 .34 
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N-15 had increased to +7.5 0/00. In the meantime the N03-N 
concentration had increased from 4.2 mg/l to 16 mg/l (Table 
13; Fig. 91). 

The one sample from Well 623, which samples the 
uppermost part of the saturated zone at the Well 32 station 
(Fig 3), had a del N-15 value of +4.6 0/00 and an N03-N 
concentration of 8.6 mg/l (Fig.92). The N03-N value is 
higher than the value found in the deeper wells (Table 13, 
Figs. 93,94) in May 1995. 

Well PI, completed essentially at the water table 
(Table 8), had a del N-15 concentration of +3.7 0/00 in 

November 1993. By May 1995 this value had increased to 
+10.5 0/00 (Table 13). This increase in del N-15 was accom
panied by an increase in N03-N (Fig. 95). 

Two del N-15 values were determined, one in May 1995 
and one in March 1996, for Well P2. An increase of from 
+10 0/00 to +14.4 0/00 occurred in the interval between two 
samples, and there was a doubling of the N03-N concentration 
(Table 12; Fig. 98). 

A del N-15 determination made on a sample collected 
from Well P5 in March 1996 shows the highest del N-15 re
corded from any of the P wells. This location lies down 
hydraulic gradient from the location of Well 642 (Figs. 26-
28). The long-term trend of the N03-N concentration for 
this well (Fig. 96) shows the average value of N03-N to be 
higher than the 3.9 rng/l reported with the del N-15 anal
ysis. The sample collected from Well P4, the deeper of the 
two wells at this station (Fig. 3), had a +9.6 0/00 del N-15 
value on March 30, 1996, and the N03-N concentration was 11 
mg/l (Table 13). Nitrate-nitrogen values had been higher in 
samples from this well in the six months preceding collec
tion of the March 30 sample (Fig. 97). 

Field 61A 
Table 14 summarizes the del N-15 data from Field 61A. 

These values fall in the central part of the -8 0/00 to 
+6.2 0/00 range for del N-15 derived from commercial fertil
izer or where cultivation has occurred (Kreitler, et al., 
1978; Komer and Anderson, 1993). The 1993 samples represent 
the baseline concentrations for Field 61A and reflect the 
past history of the field. They were collected before the 
City applied commercial fertilizer to the field in 1993. 
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Four of the del N-15 values also fall into the +2 to +6 0/00 

range for del N-15 found associated with unfertilized, 
cultivated fields. Those values under +2 0/00 suggest that 
the samples may represent water in which the del N-15 values 
should decrease as water with commercial fertilizer-derived 
N03-N moves through the soil into the shallow ground water 
(Komer and Anderson, 1993). 

Baseflow 
Analysis of water samples collected from the stream 

early in the investigation suggested that the stream ac
quired increasing amounts of N03-N as it flowed from the 
mouth of the tributary at the western edge of Field 602 to a 
location about 100 ft downstream from the position of the 
downstream weir. The nitrogen stable isotope technique was 
used to evaluate the implication that ground-water discharge 
contributed significant amounts of N03-N from Field 602 to 
the stream. 

Data from wells P1, P2, and NWL3 are instructive. NWL3 
was a replacement piezometer for WL3 which was washed out. 
The initial del N-15 sample from Well P1 in November 1993 
had a value of +3.7 0/00 with a corresponding N03-N concen
tration of 3.7 mg/l. In May 1995 a sample from Well P1 gave 
a del N-15 value of +10 0/00 and a N03-N concentration of 
10.6 mg/l. Samples from Well P2 and piezometer NWL3 gave 
+10.1 0/00 and +14.5 0/00 del N-15 values, respectively. 
The corresponding N03-N concentraions were 14.0 mg/l and 5.8 
mg/l for these two samples (Table 13). NWL3 sampled the 
ground water about a foot below the stream bed near Pl. 

On May 27, 1995, a grab sample was collected from the 
stream at the location of the downstream weir (Fig. 3). At 
this time no water was flowing in the stream until a few 
feet upstream from NWL3 (W3 on Fig. 3). The water was 
issuing from the base of the small bluff that marks the edge 
of the stream at the foot of Field 602. The water from the 
bluff was the source of the water flowing downstream from 
this locality. The del N-15 value of +9.9 0/00 from the 
ground water discharge to baseflow together with the 
+14.5 0/00 in the sample from NWL3 (Table 13) suggest that 
the discharge to baseflow contains a significant proportion 
of del N-15 derived from the biosolids applied to Field 602. 
The corresponding N03-N values are 3.5 mg/l and 5.8 rng/l, 
respectively. On the same date a sample from Well P1 gave a 
del N-15 value of +10.9 0/00 accompanied by a N03-N concen
tration of 10.6 mg/l. 
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Table 14. Ground-water del N-15, Field 61A 

Date Julian Sample No. Well No. del N-15 N03-N 
1989 0/00 mg/l 

4/3/94 1554 94-6lA-63-ISOT-1 63 +1.6 5.8 

7/9/95 2016 6lA-95-63-ISOT-1 63 +2.5 7.1 
Lab.Dupl 63 +1.9 7.0 

7/26/95 2033 6lA-95-63-ISOT-1 63 +2.5 7.1 

4/29/93 1215 93-6lA-64-ISOT-1 64 +4.0 2.5 

4/29/93 1215 93-6lA-64A-ISOT-1 64A +3.3 3.8 

4/3/94 1554 94-6lA-65-ISOT-1 65 +1.6 6.5 

6/26/95 2003 6lA-95-163-ISOT-1 163 +1.6 7.0 
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On August 9, 1995, three samples were collected from 
the stream. One came from the upstream side of the down
stream weir (95-DWeir-ISOT-l); one came from the stream at 
the location of Well PI (PILoc-ISOT-l)i and one came from a 
six-inch hole dug into the stream bed sand about 5 ft up
stream from the upstream weir (95-upweir-ISOT-l; Fig. 3; 
Table 13). This latter sample came from the underflow in the 
stream bed as the stream contained no flowing water until 
the position of Well PI (NWL3) approximately midway between 
the two weirs. The stream sample from near Well PI was 
collected from water flowing from the bank directly into the 
stream. 

The water obtained in August 1995 from about 15 ft 
above the upstream weir has a del N-15 ,value of +6.7 0/00 

which falls in the range for cultivated soil as well as at 
the upper end of the range for commercial fertilizer del N-
15 (Kreitler, et al., 1978). The sample collected at the 
downstream weir in August 1995 had a del N-15 value of +11.2 
0/00 (Table 13) which is in the range for animal-derived 
nitrogen. For the August 1995 samples the N03-N concen
tration at the upstream weir was 0.34 mg/l and that at the 
downstream weir 4.2 mg/l, a value approximately 10 times the 
average concentration found in the stream water in 1991-
1992. At the point midway between the two weirs, near Well 
PI, the N03-N concentration was 6.3 mg/l. 

Consideration of the del N-15 analyses from PI, P2, 
NWL3, and the stream indicates that between November 1993 
and August 1995 N03-N derived from the biosolids began 
entering the surface water system. Furthermore, the data 
are suggestive that between May 1995 and August 1995 the 
N03-N contribution from Field 602 to the stream increased. 

Well 29 
Well 29, located in the grove of trees in front of the 

administration building at the NRWWTP, was used in the 1988-
1989 study as a backgound or comparison well. (King, Welby, 
et al., 1989). It has always shown a somewhat elevated N03-N 
concentration, and it has been suggested that the elevated 
N03-N concentration might be associated with septic tank 
effluent or by farming activities preceding the development 
of the NRWWTP. However, the del N-15 value of +6.7 0/00 

accompanied by a N03-N value of 6.4 mg/l obtained from the 
August 9, 1995, sampling (Table 13) indicates that the N03-N 
must be derived from natural processes (Komer and Anderson, 
1993) . 
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Randleigh Dairy Farm 
Ground water from Well R2, located adjacent to a field 

where commercial fertilizer has been applied for a period of 
years, has a del N-15 value of +4.5 0/00. This value is 
consistent with values elsewhere in ground water which has 
been impacted by nitrate derived from commercial fertilizer 
(e.g., Kreitler, et al., 1978; Komer and Anderson, 1993). 

Well R3 is located adjacent to the feedlot at the 
Randleigh Dairy Farm. Its location is downslope and presum
ably down hydraulic gradient from the smaller and less 
intensely used portion of the feedlot. The del N-15 value 
of +6.5 0/00 falls at the upper range for commercial ferti
lizer impacts and on the low end for natural conditions in 
general. 

Samples from R4 have del N-15 values of +10.9 0/00 

(Table 13). The well is located at the base of a pond dam. 
The pond receives drainage from a covered lagoon used to 
generate methane from animal wastes, and it receives runoff 
from the pasture adjacent to it. 

Soil nitrate nitrogen stable isotopes 
Soil samples for del N-15 analysis were collected 

along the traverses used in collecting data for soil N03-N 
(Fig. 15) in Field 602. In addition, one station was lo
cated 10 ft north of the edge of Field 602 and north-north
west of Well 32. This station (96-602-B) was located beyond 
the area of application of biosolids and in an area where 
presumably only a limited amount of commercial ferti-lizer 
may have been applied in past years. During the investiga
tion this area had only grass growing on it and apparently 
had had no soil amendments applied to it during the study 
period. Thus the del N-15 values of -1.0 to 
-2.2 0/00 may be considered a background or baseline value 
(Table 10). The del N-15 values for the other soil samples 
from Field 602, with two exceptions, are over +10 0/00. 

Table 10 lists the samples analyzed and the depths from 
which they came. The last three digits of the sample number 
indicate the leg, the station, and depth of the sample, 
respectively. Stations are in increments of 50 ft; e.g.,2 
is equal to 100 ft from Well 32 along an indicated traverse 
in Field 602 (Fig.86). 

Dissolved oxygen 

A limited number of dissolved oxygen (DO) measurements 
were made at Field 602. The dissolved oxygen values ranged 
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from 5 to 8 mg/l. In the case of the three-inch diameter 
wells the DO probe was lowered into the well. For the two
inch wells samples were recovered by bailing. In either 
case the wells were bailed dry and allowed to recover, or 
several well volumes of water were removed and the well 
allowed to recover prior to the DO measurements. These data 
indicate that at least in the upper part of the saturated 
zone denitrification processes are limited. In addition, 
the colors of the saprolite below the plow zone are red and 
yellow-browns suggesting that oxidizing conditions dominate 
down to the saturated zone. 

The low swampy area in the vicinity of wells P4 and PS 
and southwest of Well 30 shows evidence of reducing condi
tions in the subsurface. Near the surface are gravels 
and sands with yellowish-brown colors, but below these are 
horizons dominated by dark gray colors (gley horizons) 
indicative of reducing conditions. 

Nitrate-Nitrogen in Ground Water 

Introduction 

Nitrogen applied as biosolids and commercial fertilizer 
to the soil, together with nitrogen from the atmosphere and 
from nitrogen-fixing plants, has a complex natural history 
(e.g., Canter, 1997, Fig. 1.2). Consequently, the movement 
of nitrogen and its related chemical species is complicated. 
Some nitrogen becomes fixed by symbiotic and nonsymbiotic 
processes. Organic nitrogen derived from animal and human 
sources may in part become immobilized through mineral
ization. Other parts of the nitrogen mass may be oxidized 
in the soil to nitrate. The nitrate already in the manure or 
biosolids may not be denitrified entirely and is available 
for downward leaching. In a study in the Pacific Northwest, 
Babcock and Ellestad (1996) noted seasonal variations in 
soil nitrate and ammonium and related these variations to 
nitrate transport in the vadose zone during the rainy sea
son. 

The following discussion of N03-N in the ground water 
at the NRWWTP is organized in terms of the several fields 
used in the study. Although the main emphasis of the inves
tigation was on N03-N, data were also collected on other 
chemical species and water quality parameters in the ground 
water: Na, K, Ca, Cl, Total Organic Carbon (TOC), Total 
Dissolved Solids (TDS), pH, and specific conductance. 
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The chloride ion (Cl) can be viewed as a conservative 
ion in the ground-water system. Also, within limits, it is 
probable that the Cl content of the biosolids applied to the 
fields remains nearly constant. Once the Cl is in solution 
in the percolating water of the vadose zone, it can be 
assumed to move with the water toward discharge points or to 
the saturated zone. Thus increases in the Cl content of the 
ground water beneath the fields at the NRWWTP can be inter
preted as recording leaching of the Cl from the surface. 

On the other hand, nitrate from the biosolids (ex
pressed as N03-N) is subject to a number of processes which 
might lead to lesser N03-N concentrations in the ground 
water than are found in the biosolids. Among these proc
esses are use of the nitrate by the crops and by processes 
of denitrification within the soil zone, the vadose zone, 
and the saturated zone. Hence the Cl/N03-N ratio is an 
important tool in interpreting the N03-N data. Changes in 
the ratio can be interpreted in terms of the changes n the 
relative amounts of Cl and N03-N. In particular, decreasing 
ratios in the ground water suggest that the N03-N is in
creasing more rapidly in the ground water than is the Cl. 
If the ratios show a pattern of successively lower values 
when both Cl and N03-N values are increasing, then the N03-N 
concentrations can be assumed to be increasing relatively 
more rapidly than the Cl. If the ratios stay the same, then 
the best interpretation is that the relative amount of each 
chemical species impacting the ground water is approximately 
constant. Decreasing ratios, when taken together with other 
evidence, can indicate increases in N03-N, or lack of deni
trification. 

Field 102 

Two objectives pertain to the overall investigation at 
Field 102. The first was development of an understanding of 
the effect of the application of biosolids on the field over 
a period exceeding 10 years. The second was to assess 
changes in the concentrations of N03-N in the ground water 
beneath the field first as additional biosolids were applied 
and subsequently as crops were grown without addition of 
biosolids or other soil amendments. The last sludge was 
applied to the field on October 28, 1993 (Fig. 8, Table 4). 
In the 1990-1993 interval a cumulative biosolids loading of 
3484 Ib/ac was made at Field 102. 

Table 15 summarizes and compares the N03-N character
istics of the ground water at Field 102. It also presents 
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the results of the Cox-stuart Test (Conover, 1970) for 
trends in the N03-N values of the ground water at the sev
eral monitoring wells. Figures 88-90, and 100-105 summarize 
hydrological and chemical data for the wells at Field 102. 

Coinciding with a period of rainfall commencing in 
January 1995 (Day 1836; Fig. 6) a general rise in the water 
levels in the monitoring wells at Field 102 occurred. At 
the same time the N03-N and CI concentrations began to 
increase somewhat more rapidly than they had earlier (e.g., 
Figs. 101 and 102). A lag time of between 100 and 150 days 
seems to exist between peaks on the hydrographs and peaks on 
the N03-N and CI concentration curves. 

At the Well 28 station the N03-N concentrations de
crease with depth from Well 28C to Well 28B. Wells 51 and 
52, which are down hydraulic gradient (Figs. 17-19), exhibit 
much the same pattern. The low N03-N values for wells 38 
through 40 are in contrast with those found in the other 
wells at Field 102. 

Other monitoring wells in Field 102 exhibit a pattern 
of increasing N03-N, although concentrations of N03-N are 
much greater than in the wells at the Well 38 station. Well 
28A, which seems to be isolated from the broader ground
water regime, is the exception. Its midpoint is above the 
median ground-water elevation at this point. 

Well 26 was used as one of the monitoring wells in the 
1988-1989 study. In 1985 water from Well 26 had 2 mg/l N03-
Nand 4 mg/l CI. By December 1989 the N03-N concentration 
had increased to 16 mg/l and the CI to 18 mg/l (King, Welby, 
et al., 1989). Figure 99 provides plots of the N03-N and CI 
data for Well 26 from the current study. From April 1991 to 
November 1993 the N03-N concentrations found in Well 26 were 
about 20 mg/l. After November 1993 the N03-N and CI concen
trations began to rise. By March 1996 the N03-N concentra
tions were over 40 mg/l on a rising trend. Similarly, the 
chloride concentrations had risen from about 14 mg/l to over 
20 mg/l. Specific conductance increased also. A plot of the 
ratio of CI to N03-N is given in Fig. 99. The ratios de
crease with time, indicating that the N03-N is increasing 
relatively more rapidly than the CI. 

For Well 28B, with the midpoint of its 2-ft screen set 
at 51.6 ft below the ground surface, the initial N03-N 
concentration was less than 20 mg/l in the fall of 1990 
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Table 15. Field 102, comparison of N03-N values 

Average of first four samples 

Baseline First Second Last Four Trend from 
Four Four Four Cox Stuart 

@ 95% Confid. 

First Day 9/20/90 11/1/91 4/15/93 9/27/95 
Julian 
First Day 263 670 1201 2096 

(W26=466) 

Well No. mg/l mg/l mg/l mg/l 

26 20.2 17.8 18.6 35.6 Increase 
28A 4.9 4.0 5.7 5.12 No Increase 
28C 31.18 46.2 42.2 81. 66 Increase 
28B 18.1 37.2 36.44 65.77 Increase 

38 0.34 0.46 0.35 0.56 No Increase 
39 0.063 0.63 0.57 0.91 Increase 
40 0.36 0.46 0.70 2.22 

First Day 6/23/93 9/23/93 9/27/95 
Julian 
First Day 1249 1368 2096 

51 41. 8 (3spl) 65.8 82.5 Increase 
52 29.2 39.7 63.07 Increase 

Randleigh Farm 
First Day 10/27/90 2/6/92 6/2/93 
Julian 
First Day 298 767 1249 

R2 1.9 16.8 11. 9 No Increase 
R3 3.9 4.1 3.8 Increase ?? 
R4 5.6 2.8 4.44 No Increase 
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(Fig. 100). The N03-N concentration rose steadily through 
March 1996 to 65 mg/l. A comparable rise in chloride con
centration was from 5 mg/l to over 20 mg/l. The plot of the 
Cl/N03-N ratio (Fig. 100) shows a decreasing ratio and is 
interpreted as indicating a relatively greater increase in 
N03-N than Cl with time. 

Well 28C with its 2-ft screen centered at 39 ft below 
ground surface (7.8 ft below the median position of the 
water table) showed an increase in N03-N from 15 mg/l (back
ground or baseline value) in September of 1990 to over 86 
mg/l in March 1986 (Fig. 101). An accompanying increase in 
Cl also occurred from 8 mg/l to over 27 mg/l. By November 
1993 the N03-N concentration in this well had increased to 
over 50 mg/l and the Cl concentration to 17 mg/l. The trend 
of increasing N03-N and Cl continued even though no 
biosolids were applied to the field after November 1993. 
Concentrations in Well 28B, the deeper well with the mid
point of its screen 52.6 ft below the ground surface and 
20.4 ft below the median position of the water table, are 
less than those in Well 28C (Fig. 100,101). 

Well 28A, the shallowest well at the Well 28 station, 
shows a long-term increase in Cl (Fig. 88) and at the same 
time the N03-N shows no statistically significant trend 
(Table 15). On the other hand, the Cl/N03-N ratios gener
ally increase with time (Fig.88). This well was dry for 
several months in 1994. 

Figures 89 and 90 summarize the history of the N03-N 
concentrations on the midslope portion of Field 102. The 
midpoint of the 2-ft screen of Well 52 lies at 33 ft below 
the surface and 15.2 ft below the median position of the 
water table. The midpoint of the 5-ft screen of Well 51 
lies at 26.5 ft below the surface and 11.3 ft below the 
median elevation of the water table. 

The first samples from each of these wells had a N03-N 
concentration of 47.2 mg/l (Well 51) and 38.2 mg/l (Well 52) 
on June 2,1993. By November 1993 these values had risen to 
70 and 39 mg/l, respectively (Figs. 89, 90). With the 
cessation of biosolids application the N03-N values in these 
two wells continued to rise, reaching 88 and 70 mg/l in 
March 1996. Similar increases in Cl are recorded in the 
data for these wells. The specific conductance also in
creased in each of these wells (Fig. 105). The Cl/N03-N 
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ratio for Well 51 shows a slight increase in values after 
1993 while the ratio between CI and N03-N seems to be essen
tially constant in the case of Well 52 (Fig 90) . 

The centers of the screens for Wells 38, 39, and 40 are 
located at 28, 39.5, and 20 ft below the ground surface, 
respectively. Well 38 and Well 40 have 5-ft screens, and 
Well 39 has a 2-ft screen. The midpoint of the screens are 
at 13.0 ft, 21.5 ft, and 6.3 ft below the median water level 
in each well, respectively. 

Apparently the ground-water flow regime has only in the 
last approximately one year of the investigation moved N03-N 
derived from the biosolids to the vicinity of the Well 38 
station. For example, Well 40 (Fig. 104), the shallowest 
well of the three, shows an increase in N03-N from January 
10, 1995 (Day 1836), until early January 1996. Fluctuations 
in the water table seem to be mirrored in the N03-N concen
trations approximately 200 days later. Patterns of increas
ing N03-N are found at the other two adjacent wells (Figs. 
102,103). Since mid-1994 the CI/N03-N ratios have de
creased, implying that the relative rate of CI increase is 
less than that for N03-N. 

Initially all three wells displayed concentrations of 
N03-N of less than 1 mg/l and continued to do so through 
much of the study period. However, beginning in February 
1995, the N03-N concentration in Well 40 began to rise, and 
by March 1996 it had reached 2 mg/l. Although not entirely 
clear, a similar upward trend in the concentrations in the 
deeper wells is believed to be present (Figs.102-104). The 
cox-stuart test (Conover, 1970) indicates a trend for in
creasing N03-N in Wells 39 and 40. In the case of Well 38 
the test indicates no trend. However, N03-N began to in
crease in August 1994. The chloride data for each well at 
this monitoring station indicate a small upward trend for 
the CI after November 1993, the steepest gradient being 
found in Well 40 (Fig. 104), the shallowest. 

The water table maps (Figs. 17-19) indicate that the 
N03-N may be moving from the lower western slopes of Field 
102 toward the stream west of the field. The time-series 
N03-N curve for Well 26 (Fig. 99) lends some credence to 
this interpretation. 
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Field 602 

As noted earlier, Field 602 was chosen as one of the 
study sites because biosolids had not been applied to the 
field prior to the commencement of the study. Thus the 
field provided an opportunity to formulate ideas about 
possible relationships between application of the biosolids 
and the appearance of N03-N in the ground water in amounts 
greater than the background or baseline values. The rela
tionship between ground-water recharge and possible N03-N 
migration into the ground water was recognized to be of 
considerable importance in analyzing the data from Field 
602. 

The background well for Field 602 is Well 31 (Fig. 3), 
constructed prior to the 1990 beginning of the current 
investigation. Figure 106 summarizes the water level and 
chemical data obtained from this well. The midpoint of its 
screen is 33.5 ft below the surface and 25.2 ft below the 
median elevation of the water table. The screen extends 
over the interval of 20 to 30 ft below the median water 
table elevation. There are no statistically significant 
trends present (Cox-Stuart test) for the water quality 
parameter data. 

Comparison of well hydrographs with the associated N03-
N and chloride curves provides insight into possible timing 
of N03-N movement. Not all wells provide evidence of the 
relationship between the downward movement of the N03-N and 
the position of the water table. However, in the case of 
Well 32 and Well 641 especially, the comparison indicates 
that an approximately 200- to 250-day lag exists between the 
time the water table began to rise and the appearance of a 
systematic increase in the N03-N concentration (Figs. 93, 
91) . 

The water table in Well 641 declined from mid-February 
until mid-September 1993 when it began to rise (Fig. 91), 
peaking in late February 1994 (Day 1520). During the inter
val from mid-February 1993 (Day 1150) to September 1993 (Day 
1410) the N03-N concentrations in Well 641 remained approxi
mately constant. However, August 1994 (e.g., Day 1724) 
marks the beginning of a rise in the N03-N and CI concentra
tions in samples from Well 641. At the same time the 
CI/N03-N ratio declined. The specific conductance of the 
ground water remained essentially constant prior to 1995. 
During 1995 and into 1996 the specific conductance increased 
approximately parallel to the increases in N03-N and CI 
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(Fig. 111). The water table displayed several peaks and 
lows on a general upward trend for the water table. The 
cumulative N03-N loading through June 1993 was 2689 Ib/ac 
(Table 5). Another 995 Ib/ac was added in late April and 
early May 1994 to bring the cumulative N03-N loading at 
Field 602 to 3684 Ib/ac by May 11, 1994. 

If one applies a lag time of approximately 200 to 300 
days between the beginning of the rise in the water table 
and the beginning of an increase in the N03-N in Well 641, 
one finds that the rise in the water table which began in 
September 1993 and peaked in February 1994 coincides with 
the beginning of the rising trend in the N03-N. Also, after 
August 1994 the increases and decreases in the N03-N content 
of the ground water mimic the rise and fall of the water 
table as expressed by the Well 641 hydrograph (Figs. 35,91). 
The midpoint of the Well 641 screen is 25 ft below the 
ground surface and 15.7 ft below the median elevation (213.2 
ft) of the water table. 

Well 642 was constructed relatively late in the study, 
and comparison of its hydrograph and the time-series curve 
for the N03-N suggests that the N03-N concentrations began 
to rise about 250 days after the beginning of a general 
water table rise (Fig. 112) and that the N03-N concentra
tions decrease about 200 to 250 days after the water table 
began to drop. The graphs of N03-N concentrations and 
specific conductances parallel each other for Well 642 
(Figs. 111,112). The midpoint of the screen is 13 ft below 
the ground surface and 4.0 ft below the median elevation 
(213.2 ft)· of the water table. 

The Cl exhibits a slight increasing trend in Well 642. 
The initial N03-N value of 20 mg/l was well above the back
ground or baseline values found in the other wells at Field 
602 (Fig. 112). From 1993 through March 1996, when sampling 
ceased, the trend for the N03-N was upward (Fig. 112), and 
the N03-N and Cl time-series curves are nearly parallel. 
The Cl/N03-N ratio plot (Fig. 112) records decreasing values 
for the ratio with the passage of time. The interpretation 
placed on the graph is that relatively more N03-N has 
reached the saturated zone than chloride. Fluctuations in 
the elevation of the water table are apparently followed by 
similar fluctuations in the Cl and N03-N approximately 200 
to 250 days later. 
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The midpoint of the Well 32 screen lies 12 ft below the 
median elevation (218 ft) of the water table and that of 
Well 33 is 21.5 ft below the median water level elevation. 
Thus one would anticipate that any N03-N and CI migrating 
from the biosolids in the soil would reach the level of the 
Well 32 screen first. The Cox-Stuart test indicates an 
increase in the N03-N by December 1995 for Well 32 (Table 
16). In contrast, there is no statistically significant 
increase in N03-N for the samples collected from Well 33 
between 1990 and 1996. Best fit straight line plots for 
each of the sets of data show a slope for the Well 32 data 
of over twice that of the Well 33 data (Figs. 93,94). 
However, when the Cox-Stuart test is applied to N03-N data 
collected from 1993 through early 1996, the statistical 
analysis indicates that the N03-N concentrations have in
creased from 1993 to 1996. Choride concentrations have 
increased since 1993 in Well 32 (Fig. 93) while little or no 
significant increase in Cl has taken place in Well 33 (Fig. 
94). The plot of the ratio of Cl/N03-N for Well 32 (Fig. 
93) indicates that the ratio is generally decreasing over 
time. This relationship is consistent with the more or less 
constant concentration of Cl found in the well and the 
increasing concentrations of N03-N. 

Well 623 was installed to measure any changes in the 
N03-N content in the uppermost portion of the saturated zone 
at the Well 32 station. The midpoint of the screen for the 
well is about 6 ft below the median elevation (220 ft) of 
the water table and about 21 ft below the ground surface 
(Table 8). Figure 92 summarizes the data from Well 623. 
The few data point to a rising water table and an overall 
trend toward increasing N03-N in the shallowest part of the 
saturated zone at this locality since well construction. 

The average of the first four N03-N concentrations 
found in Well 623 is 8.18 mg/l. This value is in contrast 
to the values found for the N03-N for the first four samples 
from the other wells in Field 602. For Well 32 the baseline 
N03-N values averaged 5.9 mg/l. Only Wells 34 and 35 have 
initial concentrations of N03-N approaching that of Well 623 
(Table 16). The N03-N in Well 623 apparently increases 
exponentially from the first four concentrations reported. 
A linear increase characterizes the Cl concentration data 
(Fig. 92). 

Well 30, a state-mandated monitoring well with a 10-ft 
screen, is located at the southeastern corner of Field 602 
(Fig. 3). Comparison of the Well 30 hydrograph with the 
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Table 16. Field 602, comparison of N03-N values 

Average of first four samples 

Baseline First Second Last Four Trend from 
Four Four Four Cox Stuart 

@ 95% Confid. 

First Day 9/13/90 1/23/92 4/8/93 12/12/95 
Julian 
First Day 256 753 1194 2172 

Well No. mg/l mg/l mg/l mg/l 

30 3.B 4.2 4.4 4.37 Increase 
30.1 2.8 4.2 4.4 5.96 Increase 
31 2.9 4.1 4.0 4.1B No Increase 
32 5.9 5.5 6.0 6.66 Increase 
33 5.3 5.4 5.4 5.76 No Increase 
34 B.9 9.5 9.7 8.B6 No Increase 
35 7.4 7.9 7.4 7.06 No Increase 
36 3.2 4.7 3.7 3.27 No Increase 
37 1.9 3.2 2.6 3.27 No Increase 

641 4.2 4.4 4.5 13.49 Increase 

First Day 6/24/93 12/12/74 
Julian 
First Day 1271 2172 

642 xxx xxx 35.9 4B.13 Increase 

P Wells 
First Day 3/26/91 6/18/92 4/1/93 12/14/95 
Julian 
First Day 450 900 1187 2174 

PI 1.7 3.6 4.85 14.62 Increase 
P2 2.3 4.5 5.12 21.51 Increase 
P4 4.7 5.8 6.56 14.24 Increase 
P5 0.16 0.26 0.39 xxx Increase 
P7 2.4 4.7 6.29 8.8 Increase 
P8 1.4 2.8 5.06 16.45 Increase 
P10 2.7 2.6 4.1 9.41 Increase 
P11 xxx xxx xxx xxx 
P13 0.48 0.37 0.577 1. 68 No Increase 
P14 0.28 0.36 0.61 1.16 No Increase 
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N03-N plot suggests that the peaks in the hydrograph are 
followed after an interval of 50 to 100 days by peaks in the 
N03-N concentrations and that lows on the hydrograph are 
followed at a similar interval by lower N03-N concentra
tions. Also, as the water table rose beginning in 1994, the 
N03-N values increased. The Cox-stuart test (Conover, 1970) 
applied to the N03-N data from 1994 through 1996 supports a 
trend of increasing concentrations of N03-N, although the 
absolute values of the concentrations are on the order of 
tenths of a mg/l. The CI data records a similar increase 
over the same period. The midpoint of the Well 30 screen is 
13.5 ft below the ground surface and 14 ft below the median 
elevation (209 ft) of the water table (Table 8; Fig. 113). 

In the case of Well 30.1, whose screen is located 31 ft 
below the ground surface and 29.5 ft below the median eleva
tion of the water table, both N03-N and CI concentrations 
show a slight long-term upward trend as defined by a linear 
best fit. Again a pattern of rise and fall in the elevation 
of the water table is roughly mimicked by the CI and N03-N 
concentrations (Fig. 114). 

The overall increases in the N03-N for Well 30 and Well 
30.1 are approximately 1.5 mg/l and 1.4 mg/l respectively. 
A similar increase of CI occurs in these wells. It should 
be noted that there is an upward-oriented hydraulc gradient 
at this locality. 

Wells 34 and 35, located on the eastern edge of Field 
602, exhibit no significant increases in either CI or N03-N 
over the period of the investigation (Fig. 107,108; Table 
16). Based upon the topography of Field 602 and the config
uration of the water table, the probable source of N03-N for 
these wells should lie in a small portion of the northeast 
corner of Field 602. 

Located at the southwestern corner of Field 602, a few 
feet outside the cultivated area, Well 36 and Well 37 show 
no statistically significant changes (Cox-Stuart test) in CI 
or N03-N through December 1995 (Table 16). However, a re
gression line fit to the data suggests a long-term increase 
in N03-N of approximately 0.4 mg/l may have occurred during 
the study period in Well 36. For the CI the estimated long
term increase is approximately 1 mg/l. The midpoint of the 
Well 36 screen is 21 ft below ground level and 12.7 ft below 
the median elevation of the water table. Well 37, whose 2-
ft screen lies 31.6 ft below ground level and 23.6 ft below 
the median elevation of the water table, exhibits N03-N and 
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CI concentration patterns similar to those of Well 36, an 
increase of approximately 2.5 mg/l CI and 1.2 mg/l N03-N 
(Figs. 109,110). Based upon the placement of the wells 
with respect to the part of the field to which biosolids are 
applied, it appears that the major source of N03-N is proba
bly from the immediate vicinity of the wells. 

P wells 
Well P1 and Well P2, located adjacent to the Field 602 

stream (Fig. 3), record apparent exponential increases in 
the CI and N03-N concentrations in the ground water. In the 
case of Well P1, the shallower of the two wells, the concen
tration increases in both CI and N03-N began in late 1993 
(Fig. 95). Comparison of the Well P1 hydrograph with the 
N03-N plot suggests that the upward and downward fluctu
ations in the N03-N concentrations occur about two months 
after similar fluctuations occur in the water table. Spe
cific conductance values show a long-term exponential in
crease (Fig. 95). The midpoint of the Well P1 screen is 
estimated to be 4 ft below the stream bed and about 2.4 ft 
below the mean water level in the well. The CI/N03-N ratio 
decreases with time (Fig. 95). 

Data from the shallower Well P2 do not record an in
crease in N03-N until 1995 (Fig. 98), although the CI con
centration began to increase in 1994. Specific conductance 
values roughly mimic the changes in concentration of Cl and 
N03-N (Fig. 115). The midpoint of the screen is estimated 
to be 2 ft below the stream bed and about 1 ft below the 
mean water level found in Well P2. 

Comparison of the N03-N and Cl graphs for Well P1 and 
Well P2 discloses that the N03-N concentrations found in 
Well P2 are greater than those found in Well P1, except for 
a period in late 1994 and early 1995 when the reverse was 
true. The N03-N concentrations in Well P2 rose sharply in 
late 1995 in comparison to a more modest increase in Well 
Pl. On the other hand, the N03-N curve for Well P1 suggests 
that a sharp increase in N03-N may have begun in early 1996 
(Figs. 95,98). The CI concentrations in Well P2 are gener
ally greater than those in Well Pl. At this point the 
hydraulic gradient is predominantly downward (Fig. 41). 

The location of the P4-P5 well pair is at the upper 
edge of the Field 602 stream floodplain, near the break in 
slope at the southern edge of Field 602. The screen midpoint 
for Well P4 is 5.9 ft below the ground surface and 5.2 ft 
below the mean water level (209.6 ft) for the well. For its 
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companion well, P5, the midpoint of the screen is 1.SS ft 
below the surface and 1.6 ft below the mean water level 
which is less than a foot below the surface. Small 
downward-directed hydraulic gradients are the more common, 
although an upward gradient is associated with the wet 
period in 1995 (Fig. 42). 

An irregular, but general, increase in specific conduc
tance characterizes Well P4. On the other hand, the spe
cific conductance data from Well P5 exhibit a general tend
ency to higher values only in late 1995 (Fig. 115). 

The CI and N03-N data from Well P4 describe a broadly 
linear increase for each chemical species, and N03-N concen
trations increase relatively more rapidl,y than do the CI 
concentrations (Fig. 97). The rise and fall of the water 
table in Well P4 is mimicked with a lag time of about two 
months by the increases and decreases of the N03-N concen
trations found in Well P4 (Fig. 97). 

Chloride and N03-N concentrations in Well P5 generally 
are greater than those found in Well P4. However, the CI 
data plots for the two wells are generally parallel. 
The Well P5 data show that the N03-N did not increase sig
nificantly until the spring of 1995 (Fig. 96). A similar 
sharp increase in N03-N may be noted in the Well P4 N03-N 
plot (Fig. 97). 

Located on the upper part of the Field 602 stream's 
floodplain (Fig. 3), the well pair P7-PS were positioned to 
monitor the ground water between the area of agricultural 
operations and the stream. The station is located about 
one-half the distance between the northern edge of the 
floodplain and the stream. The midpoints of the screens are 
at 6.7 (P7) and 2.S (PS) below the surface. In these posi
tions they are 3.0 ft and 1.7 ft below the median water 
table position, respectively. 

Both wells show a long-term pattern of increasing 
specific conductance (Fig. 115), CI, and N03-N since 1990 
(Figs. 116,117). For Well P7 the best fit to the CI data is 
a straight line while the best fit curve for the N03-N data 
is exponential. The specific conductance is better repre
sented by an exponential curve. In the case of Well PS the 
specific conductance and N03-N data follow an exponential 
curve while the CI data can be fit equally well with a· 
straight line or an exponential curve (Figs. 116,117). 
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In the case of Well P7 major fluctuations in the water 
table are mimicked by the specific conductivity, CI and N03-
N data. For Well P8 a similar relationship exists between 
the hydrograph, the specific conductance, CI, and N03-N 
data, although a period of 30 to 60 days exists between the 
times of the maximum and minimum water levels and the maxi
mum and minimum values on the chemical parameter curves 
(Figs. 115,116,117). 

The overall trend of the CI/N03-N ratio for both Well 
P7 and Well P8 is one of decreasing values. Ratios from 
Well P8 exhibit greater variability, and about 25 percent of 
them are greater than 5 whereas in Well P7 only two of the 
42 ratios exceed 5. As a whole, the Well CI data for Well 
P7 are lower than the CI data from Well P8. In contrast, 
the N03-N data from Well P8 are lower than the N03-N data 
from Well P7 (Figs. 116,117). However, the plots of the 
data follow one another in general. Well P8 samples the 
upper portion of the saturated zone beneath the floodplain 
and Well P7 a lower interval. 

Wells P10 and P11 were placed 30 ft from the edge of 
the Field 602 stream to monitor ground-water flow from Field 
602 to the stream. They are located within a vegetated 
buffer area, and ground level is about four feet above the 
stream bed (Fig. 3). The midpoint of the Well P10 screen is 
2.3 ft below the median water level (elevation 211.8 ft) in 
the well. 

The midpoint of the Well P11 screen lies 3.3 ft below 
the median water level elevation 211.8 ft. As might be 
expected given the relative positions of the two screens, 
the CI and N03-N concentrations in Well P10 and Well P11 are 
very similar. Linear curves seem to fit best the CI and 
N03-N data from each well while the specific conductance 
data is best summarized by an exponential curve (Figs. 
115,118,119). The CI/N03-N ratio decreases in general in a 
linear fashion in both wells and at about the same rate. 

Wells P13 and P14 were constructed adjacent to the 
tributary defining the western edge of Field 602. They are 
separated from the area of active biosolids disposal by 
about 60 ft (Fig. 3). The wells were placed to monitor any 
possible N03-N contribution to the intermittent stream from 
the agricultural activities in Field 602. The midpoint of 
the Well P13 screen lies 4.8 ft below the median water level 
(elevation 217.8 ft) at the P13-P14 station, and that of 
Well P14 lies 1.5 ft below the median water level. 
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The background or baseline concentrations of CI and 
N03-N are less than 2 mg/l. Both N03-N and CI concentration 
data show general increases during the period of the study 
(Figs. 120, 121). Comparison of the well hydrographs and 
the CI and N03-N concentration plots suggests that the N03-N 
concentrations follow the water levels with a lag time of 
one to two months. 

stream samples 
Fifteen sets of water samples were collected from the 

Field 602 stream between September 13, 1990, and June 30, 
1992, and analyzed for the same water quality parameters as 
were the ground-water samples. Additionally, N03-N was 
determined in conjunction with the nitrogen stable isotope 
analyses. Table 17 presents the data from the sampling 
stations. The averages of the N03-N concentrations from each 
sampling locality are also given in Table 17. 

Comparison of the averages as well as the N03-N concen
trations at each station suggests that the N03-N increased 
downstream from sampling Station M through Station N to 
Station P. The N03-N concentrations obtained from the del 
N-15 samples indicate that under baseflow conditions exist
ing in May and August 1995 the stream water picked up a 
significant mass of N03-N between the upstream weir and the 
downstream weir (Table 13). 

Randleigh Dairy Farm wells. 

The three wells at the Randleigh Dairy Farm (Fig. 4) 
were monitored from late 1990 to the end of 1993. Data from 
these wells provide some insight into possible effects of 
agricultural activities other than biosolids application on 
ground water. Figures 122-124 summarize the ground-water 
quality data. 

It seems appropriate to point out the 20 to 30 mg/l 
N03-N concentrations from Well R2. This well was located at 
the edge of a field on which commercial fertilizer is rou
tinely applied. At the same time the ground water sampled 
by Well R3, located adjacent to a dairy feedlot, had N03-N 
concentrations in the 4 mg/l range. The N03-N concentra
tions from the well located below the pond on the Randleigh 
Dariy Farm (Fig. 4), Well R4, averages 27.14 mg/l. 

Fluctuations in the water table at Well R4 appear to be 
followed by like fluctuations in the CI and N03-N concentra
tions. The lag time appears to be from 50 to 100 days 
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generally. However, in the case of the N03-N concentrations 
the corresponding rises and dips in the graphs may follow at 
up to 150 days. 

Field 61A 

The average baseline N03-N and CI concentrations found 
at Field 61A are 4.8 mg/l CI and 4.8 mg/l N03-N, respec
tively (Table 18). Table 18 summarizes the baseline data 
for the wells in Field 61A. The table also includes the 
average of the last four analyses from each well made in 
March through June 1995. For comparison, the average base
line concentrations computed from four samples from each 
of the original eight wells constructed ,in Field 602 in the 
fall of 1990 was 4.8 mg/l for N03-N and 5.75 mg/l for CI. 

Figures 125 through 139 suggest that there has been no 
general statistically significant impact on the ground water 
from the total of 440 lb/ac N03-N applied as commercial 
fertilizer in May of 1993 and April of 1994 (Table 7). The 
CI and N03-N concentrations found at Field 61A remained in 
the range of values found as baseline concentrations. These 
concentrations record the effects of the activities at the 
field prior to the City of Raleigh's use of the field. 
Wells 61A to 61C are "background" wells and presumably lie 
outside any area potentially influenced by application of 
commercial fertilizer. Examination of the time-series 
graphs for N03-N and CI for the Well 64 and Well 65 stations 
suggests that the N03-N is moving downward through the 
vadose zone to the saturated zone (Figs. 133-138). Statis
tically the data from Well 64 shows a small increase in N03-
N. 

Well 163 was constructed in November 1994 to monitor 
the uppermost portion of the saturated zone in Field 61A. 
Figure 139 shows the well hydro graph and the time-series 
curves for N03-N and CI. The Cox-stuart test for trend 
indicates the existence of a trend of increasing N03-N and 
CI from January 1995 through October 1995. This increase 
coincides with a general increase in the elevation of the 
water table at Field 61A (Fig. 139). 

Data from Well 63A were used to compare intrawell 
sampling and laboratory results. Again attention is focused 
almost exclusively on the chloride and N03-N water-quality 
parameters. The results of duplicate sampling on March 14, 
1994, show a percent standard deviation of 0.2% in the 
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Table 17 
tield 602 Stream water quality 

FieldG02 
Station M* 

Stream-M 

SLImp 1 t} nate ,Julian pH TDS TOC Sp.C Cl NOJ-N Na K Ca Mg No. 1989 mg/l mg/l mmho mg/l mg/l mgll mg/l mgll mgll 

906021cr 09/13/90 256 6.1 85 4.56 80 4 0.216 6.3 1. 96 1. 277 903stm 10/l1/90 284 6 107 18.26 68 8 0.14 4.09 0.698 0.835 90)strn 1 ()111/90 284 6 107 17.73 67 7 0.129 3.86 7.13 0.859 01G02-1M 01/17/9] 382 6.1 45 8.96 68 11 0.128 6.49 2.23 1. 469 91602-2M 03/26/91 450 6.6 40 11. 1 65 4.5 0.16 5.86 2 0.937 911.i02-3t1 05/13/91 498 7 4 8.31 67 4.5 0.601 7.92 1. 68 0.85 1. 06 91602-4M 06/04/91 520 7.4 70 4.31 104 5 0.414 8.02 1. 67 1. 56 1.1 91602-5M 06/19/91 535 6.8 40 5.57 65 0.242 6.23 2.16 1. 65 0.96 -.) 91602-6M 08/28/91 605 6.7 40 13.36 62 7 0.031 5.83 1.582 0.505 1. 013 .-. 91GO~-7M 09/16/91 (j24 6.9 40 2.65 67 4 1.47 7.67 1.8G9 0.471 0.708 91602-8M 10/25/91 663 6.2 45 2.51 68 4 1.14 8.82 2.1 0.78 0.92 91602-9M 12/05/91 704 6.3 60 5.72 90 8 0.05 7.51 7.74 1.16 1. 39 92602-1M 01/30/92 7GO 6. 1 66 11 .44 45 8 0.345 6.88 2.03 0.62 1. 02 9~60~-2M 02/21/92 "l8u 6.2 SO 25.18 74 5 0.073 5.75 3.27 0.798 1. 71 92602-3M 03/31/92 821 6.6 50 19.83 76 7 0.059 5.45 1. 33 1.433 1. 22 92602-4M 05/0"1/92 858 6.2 50 15.09 78 8 0.063 8.1 3.212 1.096 1. 58 92602-5M 05/13/92 864 6.2 50 15.09 81 9 0.175 8.17 2.608 1. 253 1. 52 92602-GM 06/18/92 900 G.l 50 18.84 73 0.29 7,5 2.997 1. 273 1.6 92G02-7M 06/30/92 912 6.7 50 18.35 72 5 0.081 6.09 2.907 1.1 1. 78 

*Station M is the upstream sampling station. 
Average: 6.157895 0.29035 



Table 17 cant. 
Field 602 Stream Water Quality 

Sta. N* 
Field602 
Stream-N 

Sample Date Julian pH TDS TOC Sp.C. Cl N03-N Na K Ca Mg No. 1989 mg/l mg/l mmho mg/l mg!l mg!l mg!l mCI/l rng/l 

91602-1M 01/17/91 382 6.2 45 8.13 68 10 0.166 (i.0~ ~. 1 C1 1 .4 7 ~-) 
91602-2N 03/26/91 450 6.6 40 11.1 65 4 0.19 6.31 2.01 0.965 91602-3N 05/13/91 498 6.6 40 8.58 65 5 0.411 7.05 1. 88 1. 06 1 .06 91602-4N 06/04/91 520 6.6 70 3.66 107 4.5 0.419 7.42 2.32 1 .65 1. 14 91602-5N 06/19/9] 535 7 40 7.14 58 3 0.178 5.77 1. 22 1 .57 1. 05 91602-6N 08/28/91 605 7 40 7.14 58 7 0.356 7.09 1.837 0.546 1. 03 91602-7N 09/16/91 624 9.3 40 3.49 65 5.5 0.814 7.09 1.917 0.59 0.771 

--....J 91602-8N 10/25/91 663 6.2 45 3.19 69 7 0.714 6.94 0.241 0.96 0.99 N 91602-9N 12/05/91 704 6.3 5 3.07 74 7.5 0.791 7.77 3.87 0.846 0.877 92602-1N 01/30/92 760 6 45 10.27 67 7 0.517 6.86 2.02 0.694 1. 17 92602-2N 02/27/92 788 6.2 50 18.27 76 7 0.458 5.86 3.063 0.902 1. 57 92602-3N 03/31/92 821 6.4 50 13.64 72 8 0.146 6.39 3.408 1.191 2.11 92602-4N 05/07/92 858 6.6 50 16.07 75 8 0.147 8.05 2.669 1. 02 1. 45 92602-5N 05/13/92 864 6 50 12.42 81 7 0.46 8.17 2.493 1.118 1. 4 9 92602-6N 06/18/92 900 6.4 50 21.75 74 0 0.038 7.33 3.265 1. 343 1. 88 92602-7N 06/30/92 912 6.4 50 16.88 73 6 0.188 6.49 2.827 1.153 1. 77 92602-8N 07/23/92 935 6.1 45 3 66 4 0.982 6.25 2.13 0.R45 0.88 

Average: 5.9117(i~ O.410?94 
·Station N is the middle sampling station. 



Table 17 cont. 
Field 602 Stream Water Quality 

Field602 Sta. p* 
Stream-P 

Sample Date Julian pH TDS TOC Sp.C. Cl N03-N Na K Ca t1g No. 1989 mg/l mg/l mmho mg/l mg/l mg/l mg/l mg/l mg/l 

91G02-1P 01/17/91 382 6.1 40 7.65 60 11 0.282 6.58 2.161 1. 454 91602-2P 03/26/91 450 6.1 40 7.65 60 5 0.34 7.41 1. 97 0.948 91602-3P 05/13/91 498 6.4 50 7.83 67 40 0.601 7.7 1. 84 0.97 0.97 91G02-4P 06/04/91 520 6.5 70 3.11 108 5 0.754 7.59 2.15 1.5 1. 02 91602-5P 06/19/91 535 6.7 40 4.87 66 4 0.665 6.81 2.15 1. 62 0.92 91602-GP 08/28/91 605 6.7 40 11.15 66 8 0.638 7.06 1.888 0.483 0.975 91GO~-7P 09/16/91 624 6.9 35 3.19 53 3.5 0.028 7.92 0.503 0.634 0.562 91602-8P 10/25/91 663 6.6 50 2.82 71 7.5 0.097 7.7 2.94 0.99 0.96 -.J 92G02-1P 01/30/92 760 5.7 45 9.53 69 7.5 0.697 7.16 1. 99 0.66 1.11 w 
92602-2P 02/27/92 788 6.2 50 7 76 7 0.724 6.57 3.004 0.859 1.58 92602-3P 03/31/92 821 6.5 50 12.39 73 7 0.438 7.25 2.742 1.145 1. 61 92602-4P 05/07/92 858 6.6 50 15.19 75 8 0.378 8.02 2.586 1 1. 39 92602-5P 05/13/92 864 6.3 40 7.74 64 7 0.027 7.23 0.796 0.866 0.99 92602-6P 06/18/92 900 6.3 ~)O 20.47 74 6 0.132 7.22 3.298 1.379 1. 78 92G02-7P 06/30/~2 912 6 50 15.98 73 5 0.426 6.61 2.827 1.088 1. 65 92602-8P 07/23/92 935 6.5 50 2.63 76 7 1.18 7.5 4.049 0.748 0.67 

kStation P is the downstream sampling station. 
Average: 8.65625 0.462938 



chloride data and 1.02% in the N03-N data. March 22, 1994, 
duplicate samples provided percent standard deviation values 
of 0.2% for the chloride and 7.7% for the N03-N. A total of 
six samples were collected between March 1 and March 22, and 
mean values of 4.89 and 6.25 mg/l were obtained for the Cl 
and N03-N parameters, respectively. The percent standard 
deviation for the chloride is ±1.63% and for N03-N ±14.4%. 

Using the above-cited information as a guide, one can 
conclude that the trends found on the time-series curves for 
the shallowest wells at each station may represent a general 

TABLE 18 

Field 61A Cl and N03-N baseline concentrations. 
Average of first four (1993) and last four analyses (1995) . 

1993 1995 
Well No. Cl N03-N Cl N03-N 

(mg/l ) (mg/l ) (mg/l ) (mg/l ) 

61A 7 4.74 3.51 2.34 
61B 7.5 5.05 4.28 3.24 
61C 5.75 5.13 5.44 4.22 

62 4.5 3.98 4.19 2.97 
62A 4.25 4.27 4.25 4.64 
62B 3.0 4.31 2.69 4.62 

63 5.75 5.13 5.44 4.22 
63A 4.5 5.73 5.03 5.91 
63B 5.25 5.91 4.66 5.86 

64 5.0 3.25 4.63 4.95 
64A 3.0 4.23 3.06 4.05 
64B 3.0 3.81 2.69 3.62 

65 4.5 5.23 3.67 4.91 
65B 3.5 6.85 4.2 6.75 
65C 3.5 5.48 3.70 5.35 

trend toward increase in N03-N since 1994, even though the 
total N03-N loading on Field 61A prior to June 1995 was less 
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than the initial pre-crop N03-N loading on Field 602 (440 
vs. 696 Ib/ac). The 20% PAN total value for Field 602 after 
the first biosolids loading is 137 Ib/ac. For Field 61A the 
first nitrogen loading was 186 Ib/ac, all presumably plant
available. 

Seasonal variations in the concentration values of Cl 
and N03-N are found. The data also show that the N03-N 
values in all of the wells are below the drinking water 
standard (Maximum Contaminant Limit, MCL) of 10 mg/l N03-N 
(45 mg/l of nitrate) (Federal Register, 1985). A few sam
ples contained N03-N concentrations slightly less than this 
value. 

Vertical differences in N03-N concentrations at the 
several monitoring stations vary. At the Well 61A station 
the deepest well, Well 61C, has the relatively highest con
centrations of CI and N03-N. At the Well 62 station the CI 
concentrations are highest in Well 62A, the intermediate 
depth well, and the N03-N concentratons are highest in the 
deepest well, Well 62B. No recognizable trend is found in 
the wells at the Well 63 station, with N03-N concentratons 
being approximately the same in all three wells. Well 64, 
the shallowest of the three wells at this site, exhibits 
consistently the highest values of Cl and N03-N concentra
tions. For the Well 65 station the CI concentrations are 
approximately equal in all three wells while the intermedi
ate depth well, Well 65A, has the highest concentrations of 
N03-N. The CI/N03-N ratios are about equal for the three 
wells at a given station. 
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DISCUSSION 

Introduction 

The following discussion concentrates on Field 102 and 
Field 602 and the changes in ground-water quality found at 
each. It also considers the relationship between time of 
precipitation (the "driving force") and the time when N03-N 
changes appear in the ground water at the two fields. Ad
dressed also is the evidence related to movement of the N03-
N into surface water through ground-water discharge to 
baseflow. 

Overview 

Canter (1997) provides an extensive review of nitrates 
in ground water, and Rees, et ale (1994), discussing the 
effects of various agricultural activities and land uses in 
southern California, also provide an extensive review of the 
effects of agricultural activities and research related to 
the occurrence of nitrate in ground water. Study of the 
long-term effect of biosolids application on the ground 
water at the NRWWTP is described by King, Welby, et ale 
(1989). Nitrate buildup beneath some of the fields after 
about 10 years of biosolids application was documented in 
this report. Crisp (1993) described the operation of the 
NRWWTP facility and some of the effects of the biosolids 
application on ground water. 

Hallberg (1986) reports that nitrate concentrations on 
a worldwide basis can be related directly to agricultural 
land uses. In the cases of shallow ground water beneath 
forests, unfertilized areas or areas of low-level fertiliza
tion, pastures, and grasslands, the N03-N concentrations are 
reported to be 2 mg/l or less. Where the ground water lies 
under fertilized fields and fields with intensive animal 
usage, the N03-N concentrations are 5 mg/l or more, and in 
some cases as high as 100 mg/l. Madison and Burnett (1995) 
suggest that N03-N concentrations exceeding 3 mg/l are 
indicative of human-related inputs of nitrate to ground 
water. Their conclusion is based upon the study of 124,000 
wells across the u.s. Perlmutter and Koch (1972), from a 
study of 85 wells completed in unconsolidated aquifers on 
Long Island, indicate that 1 mg/l N03-N is a maximum concen
tration for naturally occurring nitrate in ground water for 
their study area. 

77 



Factors affecting the transport of N03-N include (1) 
the volumetric moisture content, (2) the existence of mac
ropores in the form of fractures, channels, and root holes, 
(3) variations in both the saturated and unsaturated hydrau
lic conductivity, and (4) the chemical attributes of the 
nitrate. Early N03-N transport probably occurs in 
"slugs" which are eventually replaced with a continuous 
stream of N03-N as the N03-N builds up in the soil and is 
distributed through the vadose zone. The continuous stream 
is in reality a series of incremental steps controlled by 
the availability of water from precipitation or irrigation 
which can pick up and move the N03-N. Other factors influ
encing N03-N loading ground water are (1) soil use; (2) 
ground-water table position; (3) ground-water recharge; (4) 
fertilizer and soil cultivation practices; and (5) soil 
characteristics which influence the efficiency of nitrogen 
transformation (Walther, 1989). 

The general model envisioned is one in which "slugs" of 
N03-N arrive at the water table at intervals associated with 
precipitation and subsequent recharge. The recharge is re
flected by a rising water table. Slowly a more or less 
continuous distribution of N03-N develops in the vadose 
zone. The N03-N is transported in a piston-like fashion 
when adequate precipitation falls so that the water can 
infiltrate and move downward to the saturated zone, carrying 
dissolved N03-N with it. 

Among the soil characteristics which influence N03-N 
transport are the presence of negative charges on the soil 
particles. Liming of the soil also creates negative char
ges. As a result there is little opportunity for the nega
tively charged nitrate ion to be retarded by attachment to 
soil particles. Since water moves through the soil and 
vadose zone and the nitrate ion is highly soluble, the water 
can transport the N03-N. Where the nitrate is held in the 
finer capillary openings of the soil, it will move by dis
persion to more freely moving water. Some of this water may 
move in interpore spaces, but some will move through various 
macropores in the soil and saprolite at the NRWWTP (e.g., 
Addiscott, et al., 1991). 

Clawges and Vowinkel (1996) describe nitrate impact on 
ground water in the Triassic beds of New Jersey. They note 
that for the wells used in their study the presence or 
absence of confining beds in the glacial overburden did not 
have an effect on whether or not nitrate reached the bed
rock. Boyer and Pasaquarell (1996) observed seasonal dif-
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ferences in the N03-N concentrations in ground water located 
in karst topography. These differences were related to the 
seasonal management of the source areas for the nitrate. In 
the case of the cave stream whose source of nitrate was a 
pasture area grazed the year around, the N03-N concentra
tions decreased in the spring and summer as the plants used 
more of the N03-N. In the fall and winter more N03-N was 
available for leaching when the plants were not growing. In 
contrast, when cattle were kept close to a milk house area 
in the winter, a concentration of N03-N became available for 
leaching, and this leaching was reflected in increases in 
the concentrations of N03-N in the cave stream draining the 
area. 

Spalding, Exner, and Snow (1993) examined the effects 
of biosolids disposal on the ground water in the Platte 
River valley of Nebraska. They delineated a plume and used 
nitrogen stable isotopes to study denitrification. Kuboi 
and Otomo (1987) examined soil solutions during application 
of biosolids over a six-year period. They found that it was 
not until the fourth application of the biosolids to the 
volcanic soils that the nitrate began to increase at depth. 
They cite earlier studies which indicated that following 
repeated biosolids applications a nitrate distribution 
equilibrium develops in the soil solute with depth. 

Milburn, et al. (1990) describe nitrate leaching from 
potato fields in New Brunswick, Canada. Their work attests 
to the mobility of nitrate in agricultural areas. Otomo and 
Kuboi (1988) demonstrated that chloride movement from soils 
to which biosolids had been applied depended on the amount 
of precipitation and not on the magnitude of the chloride 
concentration in the soil at the end of the biosolids appli
cation. It apparently took two to three years for the 
chloride concentration to reach an equilibrium pattern in 
the upper 20 cm of soil. The chloride was driven only when 
precipitation exceeded the sum of the moisture loss from 
evaporation from the soils and the plant usage of moisture; 
i.e., only when the water balance was in a recharge phase. 

Liu, et al. (1997) point out that for a particular 
hydrogeological setting the nitrogen management associated 
with the agricultural practices together with the climate 
are the two most important factors related to the impact 
that agriculture-related nitrate may have on ground water in 
a given ground-water basin. They also point out that long
term trends of nitrogen concentration in ground water are 
closely tied to the nitrogen that is introduced in the 
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agricultural practices. However, variations in the climatic 
factor play an important role in the pattern of N03-N con
centrations eventually found at a given site. That is to 
say, the broad outline of the N03-N impact on the ground 
water is set by the agricultural practices, but the final 
form is influenced greatly by the climatic factors. 

McFarland (1995), using a bromide tracer in the Pied
mont Province of Maryland, found that the bromide tracer 
placed at an upslope location reached depths of up to 10 ft 
in a few months but that it took almost two years for the 
tracer to reach a lysimeter placed at a depth of 14 ft. At 
a downslope location the tracer moved more rapidly toward 
the water table. The conclusion from the bromide experiment 
was that bromide, like nitrate, is transported rather 
quickly through the upper part of the saprolite, but trans
port is slower at greater depths. 

Hall (1992) studied the effects of nutrient management 
and notes that a "significant amount" of the nitrogen of 
fertilizers and manures becomes available for leaching. At 
the Pennsylvania site studied the nitrate was carried with 
the ground-water recharge to the saturated zone within 4 to 
19 months after application of the biosolids. Hall notes 
that these rates are consistent with data provided in other 
studies; they are consistent with the rates found by King, 
Welby, et ale (1989). Menelik, et ale (1991), studying 
coastal plain soils in Virginia, found that soil profile 
nitrogen losses were a function of the nitrogen remaining in 
the upper 1 m (3.28 ft) of the soil after a crop was har
vested. They also noted that if the amount of nitrogen 
mineralized in excess of crop needs is not volatilized or 
denitrified it may have an impact upon the ground-water 
quality. 

Spalding and Kitchen (1988) observed that nitrate 
leaching beneath the root zone in a cornfield in Nebraska 
began at fertilizer rates exceeding 80 lb/ac/year. They 
also found that pore water nitrate concentrations doubled 
with each 45 lb/ac/year application. Ayers (1978) found in 
the Santa Ana Basin of California that the nitrate concen
trations were highest in coarse-textured soils while Lund, 
et ale (1974) noted that nitrate concentration in the 26-ft 
cores studied tended to be lower beneath clay layers than 
above them. 

In the piedmont of Georgia, Langdale, et ale (1979) 
found that the nitrates tended to accumulate in the soil 
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profile during late spring through midsummer because of the 
pattern of fertilizer application even though crops removed 
part of the N03-N. Chloride moved downward during this 
time. They concluded that there is a large potential for 
winter leaching to the saturated zone. During the summer 
the textures within the soil profile were thought to control 
the movement of both the N03-N and CI. Allison (1966) 
recognized that winter leaching of N03-N could constitute a 
major removal of N03-N from agricultural lands in the south
eastern u.s. 

A study of biosolids application to a sandy loam in 
Mercer County, New Jersey, revealed that breakthrough of the 
nitrate took place three months after biosolids application 
with the nitrate reaching the water table at a depth of 
about 6 ft in this time (Higgins, 1984). It was also noted 
that ground-water nitrate levels were related to the lb/ac 
of biosolids applied. When biosolids application ceased and 
the test fields were allowed to rest, ground-water nitrate 
levels began to return to the lower background levels in 15 
to 18 months after the last application of the biosolids. 

Application of poultry manure to fields in which crops 
were grown in Delaware coastal plain soils resulted in 
significant nitrate impact on the ground water (Weil, et ale 
1990). In a comparison of nitrate levels related to land 
use in a small Pennsylvania watershed, Pionke and Urban 
(1985) found that nitrate, chloride, and phosphate levels 
were much higher in ground water beneath cropped areas than 
beneath forested areas. The nitrate concentration pattern 
was found to be consistent with the fertilizer and manure 
usage on the croplands. Gerhart (1986) describes both rapid 
and slow ground-water recharge through soils overlying 
carbonate rocks in Pennsylvania. Concomitant slow and rapid 
buildup of nitrate from manured fields is noted. The rapid 
buildup is thought to be associated with fractures and 
macropores related to the nature of the bedrock. The slow 
buildup is believed related to interpore movement of the 
recharge water. The saturated zone lies at about 60 ft be
low the surface in carbonate rocks at the site. 

The Neuse River Wastewater Treatment Plant 

The primary, broad objective of the investigation has 
been to evaluate the behavior of N03-N derived from bio
solids applied to croplands at the NRWWTP. More specifi-
It has also concerned itself indirectly with the possible 
impact of the N03-N on the ground water occurring in the 

81 



fractures of the granitic rocks underlying the fields. As a 
result of the study a general understanding of N03-N move
ment to shallow ground water, although incomplete, has been 
gained through simultaneous study of a field which has a 
history of over 10 years of biosolids application and crop
ping and a field to which biosolids were first applied 
during the study. Because the chloride ion (Cl)is present 
in the biosolids, is generally considered a conservative 
chemical species, and is not affected by biological activ
ity, attention was directed to its behavior also. Changes .in 
the Cl/N03-N ratio generally reflect changes in the relative 
concentration of N03-N. 

Data on ground-water levels, ground-water discharge to 
surface waters, and changes in N03-N and Cl concentrations 
in the ground water were collected. Precipitation data 
recorded at the NRWWTP have been utilized to evaluate the 
timing of possible Cl and N03-N migration from the biosolids 
applied to Field 102 and Field 602. Well hydrographs pro
vide insight into timing of any N03-N migration. Detailed 
water quality records, detailed water level records, and 
detailed knowledge of precipitation are required to relate 
precipitation to N03-N movement. Monthly sampling, as a 
minimum, is required for early recognition of any trends 
indicating changes in ground-water quality. The Cl/N03-N 
ratio can provide some clues to the presence of denitrifi
cation (Khanif, et al., 1984), but since Cl and N03-N may 
often enter the ground water at different times and rates, 
it is difficult to use the ratios totally effectively to 
arrive at a complete understanding of the N03-N movement. 
The Cl/N03-N ratio may perhaps sUbstantiate that N03-N is 
moving into the shallow ground water or has moved there 
during a particular time period. 

The question of how long it might take N03-N to reach 
ground water after an initial application of biosolids was 
explored in the study of Field 602. In Field 102 the study 
addressed the question of whether or not any relationship 
exists between the time of application of a mass of bio
solids and recognizable changes in N03-N concentrations in 
the ground water. Another aspect of the investigation has 
been the assessment of how deep the N03-N can penetrate 
toward bedrock and the length of time required for it to 
move down to a given depth. Soil moisture measurements made 
in the spring and early summer of 1995 and the fall and 
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winter of 1995-1996 demonstrate that conjunctive study of 
the soil moisture regime and the well hydrographs is neces
sary to develop a full understanding of N03-N movement from 
the soil zone through the vadose zone and eventually to the 
saturated zone. 

·A corollary concern has been the question of whether or 
not cessation of biosolids application will eventually lead 
to a decline of N03-N concentrations in ground water within 
a reasonable period of time. The truncated study of Field 
61A was aimed at understanding possible impacts on ground 
water of commercial chemical fertilizers. 

Published reports for the Raleigh area of N03-N concen
trations in ground water (May and Thoma$, 1968) suggest that 
background values of less than 1 mg/l can be expected. 
Concentrations of N03-N reported by the City (King, Welby, 
et al., 1989) from several of the NRWWTP fields fall in the 
one to two mg/l range. Anderson (1975) points out the 
difference between the shallow ground water beneath a for
ested area and an area which was formerly cUltivated. The 
average N03-N beneath the forested area was found to be less 
than one mg/l, and that beneath the cultivated areas ranged 
from three to nine mg/l. The CI concentration ranged from 
one to three mg/l for the forested area and from 4 to 8 for 
the cultivated area. Both sites are now part of the NRWWTP 
biosolids application and farming operation. Thus where 
N03-N values of greater than one or two mg/l are found in 
areas farmed with commercial chemical fertilizers prior to 
the application of biosolids, one reasonable interpretation 
is that the higher N03-N values are related to the use of 
commercial fertilizers. 

Model 

A simple model can serve as a guide to understanding 
the possible impact on ground water of N03-N found in bio
solids applied to the fields at the NRWWTP. Since the basic 
question is, "Does application of the biosolids in conjunc
tion with the growing of crops eventually lead to migration 
of N03-N into the ground water?", one needs to consider 
chiefly the mass of N03-N applied, the potential driving 
forces; i.e., timing and amount of precipitation, associated 
infiltration and percolation, and the potential for denitri
fication. Increases in N03-N concentrations provide evidence 
that N03-N has migrated into the ground water. Nitrogen 
stable isotopes can lend support to conclusions derived from 
the changes in concentration of N03-N. 
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In effect, the model can be idealized as a leaky con
tainer into which the N03-N is placed in the form of the 
biosolids. This container is situated above another con
tainer holding water, and in between lies a filter repre
senting the various processes that can remove nitrate from 
the system. The present study addresses only the sum and 
total of the effects of the filter as measured by the 
changes in N03-N concentrations in the ground water. It 
addresses only what has leaked through the filter and not 
the filtration processes themselves. The model does recog
nize that at any given time a mass of N03-N may be 
temporarily retained in the filter. Recharge picks up N03-N 
and moves through the filter to the container below. When 
the water inflow into the lower container exceeds the 
outflow from it, the water level in the, lower container 
builds up. Since the water entering from the filter is also 
bearing N03-N, the N03-N concentration may be expected to 
rise. 

Early N03-N transport probably occurs in "slugs" which 
are eventually replaced with a more or less continuous 
stream of N03-N as the N03-N builds up in the soil and 
vadose zone. The general model envisioned is that of 
"slugs" of N03-N arriving at the water table at intervals 
associated with precipitation and rising water table. 
Slowly a more or less continuous stream of N03-N develops in 
the vadose zone. The water-bearing N03-N moves piston-like 
as precipitation infiltrates, and moisture moves downward to 
the saturated zone. Walther (1989) suggested that as much as 
60 percent of the N03-N in a sewag~ sludge may eventually 
leach to the saturated zone. 

Soil Moisture 

The results of the soil moisture measurements indicate 
that precipitation moves through the vadose zone to the 
water table in a relatively short period of time, a few days 
in many cases. They also indicate that water may recharge 
the water table not only in the traditional October to March 
time period but also at times of the year when evapotrans
piration processes theoretically should prohibit the re
charge. The evidence from the soil moisture study does not 
place a precise relationship on the occurrence of precipi
tation and the arrival of moisture at the water table, but 
it does provide an indication that water capable of trans
porting N03-N to the water table can move through the vadose 
zone following periods of significant rainfall. 
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Taken together with the graphs, Fig. 140 indicates that 
a general increase in soil moisture has taken place between 
November 1995 and March 1996. This increase coupled with 
the rise in the water table after about January 20, 1996, is 
evidence that the water table is being recharged in Field 
602 (Fig. 7). As a result one can anticipate that N03-N in 
the upper portions of the soil and saprolite zone will be 
moved downward through the vadose zone with the water. 
Availability of the N03-N for transport depends not only 
upon its presence but also on various chemical and biochemi
cal factors. However, that N03-N is available is shown by 
the soil N03-N analyses and by the fact that in parts of 
Field 602 N03-N has reached the shallow ground water. 

The various data sets and plots were examined for pos
sible time-dependent relations between precipitation, water 
table rise, and changes in N03-N concentrations in the 
ground water. Hydrographs of the several wells have been 
compared with the plots of the precipitation data. A range 
of possible lag times between the end of a period of signif
icant precipitation and the rise of the water table has been 
recognized. In some cases, as few as three days appear to 
pass between the end of a rainfall event, or period, and the 
beginning of a rise in the water table. In other in
stances the lag time may be more than two months. Based 
upon the permeabilities for the subsoil horizons given in 
the Wake County Soil Survey (Soil Conservation Service, 
1978), moisture can move to the saturated zone at rates of 
up to four feet per day. 

In the case of Well 641 (Field 602) between 3 and 13 
days elapsed between the end of significant periods of 
precipitation and the peak on a hydrograph. Similarly, lows 
on the hydrographs occur approximately 3 to 13 days after 
the beginning of a dry period. The distance to the median 
position of the water table at this point is approximately 9 
ft. At the Well 32 location the time between the end of a 
one- to two-day period of one or more inches of rainfall and 
a rise in the water table is about one month. Here the 
median position of the water table is approximately 12 ft 
below the ground surface. The midpoint of the well screen 
is 3 ft below the median water table position. 

The increase and decrease in N03-N values in relation 
to the rise and fall of the water table has been used to 
help estimate the lag time between periods of precipitation 
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and the arrival of N03-N in the saturated zone. The method, 
although not precise, does provide insight into patterns of 
N03-N leaching in Fields 102 and 602. Of particular inter
est in this conjunction is the sharp rise in the N03-N 
concentrations found in wells in both Field 102 and Field 
602 beginning in late 1994 and continuing through 1995 
(e.g., Figs. 89,91). At this time there was an overall 
increase in precipitation (Fig. 6). Thus there is a con
nection between increased N03-N and antecedent rainfall. 
Based upon the polynomial curve fit to the monthly rainfall 
totals (Fig. 6), there is a lag of 150 to 250 days between 
the beginning of the pattern of increased rainfall and the 
onset of increased N03-N concentrations in the ground water. 
The exact lag time chosen depends upon the date which one 
chooses to represent the beginning of tpe period of in
creased rainfall (Fig. 6). 

Dissolved Oxygen and Denitrification 

The dissolved oxygen levels of between 5 and 8 mg/l 
suggest that denitrification in the upper part of the satu
rated zone is not a significant process. It has been noted 
elsewhere that little is known about denitrification in 
aquifers (Korom, 1992). Aside from conditions where ferrous 
iron is in abundance along with low values of dissolved 
oxygen, denitrification does not appear to be a significant 
process in aquifers (Organization for Economic Co-operation 
and Development, 1986). The combined evidence of yellow
brown to red coloration in the saprolite and the levels of 
dissolved oxygen in the ground water indicates that a rela
tively small amount of denitrification occurs in the vadose 
zone or in the shallow ground water at the NRWWTP. Thus it 
seems unreasonable to anticipate that denitrification will 
playa major role in reducing the N03-N available for leach
ing to the saturated zone or that denitrification can be 
relied upon to reduce the N03-N content of the ground water. 

Gillham and Cherry (1978), cited in Korom (1992), 
report that in an unconfined sandy aquifer no more than 2.0 
mg/l of dissolved oxygen should be present for denitrifi
cation to proceed. In turn, Korom (1992) notes as a rule of 
thumb for heterotrophic denitrification that the mass of 
organic carbon in the ground water must exceed that of the 
N03-N for denitrification to transpire. With a few excep
tions the total organic carbon (TOC) concentrations in the 
ground water samples from Fields 102 and 602 is one-tenth or 
less that of the N03-N concentrations in the same sample. 
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As an example of the relationship, the average TOC 
found in Well PI is 1.29 mg/l and the corresponding average 
for N03-N is 6.23 mg/l. Similarly for Well P2, the average 
TOC is 2.2 mg/l and the average N03-N concentration is 10.62 
mg/l, reaching 40 mg/l in 1996. Corresponding average 
values for Well 32 are 1.17 (TOC) and 5.84 (N03-N) mg/l. In 
Field 102 the TOC values in Well 28B average 1.44 mg/l and 
the N03-N 42.10 mg/l. 

Given the physical evidence in the saprolite for gen
erally aerobic conditions in the saprolite and the ratios of 
the TOC to the N03-N in the ground water, it appears that 
denitrification does not playa very important role in 
ameliorating N03-N impact on the shallow ground water at the 
fields studied. 

Field 102 

Based on the simple model described earlier, Field 102 
represents a leaky container into which N03-N has been 
placed for a period of approximately 10 years at the time 
the present study commenced. Consequently, the field af
forded the opportunity to examine the long-term effects of 
biosolids application. 

At Field 102 there is some evidence from the time
series curves that the effects of a biosolids loading event 
can be recognized in the pattern of N03-N concentrations 
over time. The N03-N concentrations seem to drop in between 
loadings from levels associated in some way with the periods 
of biosolids application (See Higgins, 1984). Some of the 
patterns of decreasing concentrations may be associated with 
periods of lower precipitation. 

A system appears to have developed in which additional 
N03-N applied to the field and not used by the plants moves 
downward through the vadose zone or displaces earlier ap
plied N03-N downward. One can hypothesize that if no fur
ther masses of biosolids are applied to Field 102 at some 
point in time the N03-N below the root zone will move to the 
shallow ground water. This mass of N03-N may degrade or it 
may be diluted so that the concentrations drop below the MCL 
of 10 mg/l. The N03-N in the soil and saprolite serves as a 
reservoir or bank from which N03-N migrates downward (e.g., 
Menlik, et al., 1997). Various processes may act on it, but 
at least some of the N03-N present in the soil and saprolite 
can be picked up by water as it moves downward through the 
soil and vadose zone to the water table. 
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Field 102, with its longer history of biosolids appli
cation, provides an example of the N03-N concentration 
patterns eventually to be found at Field 602. The details 
will differ, but the overall pattern will probably be simi
lar. Detailed studies of other fields that have been used 
by the City during the past decade or more can be antici
pated to show results similar to those found at Field 102. 

The depth to which the N03-N has penetrated into the 
saturated zone raises the question of whether or not ground 
water occurring in fractures in the granite underlying Field 
102 is at risk from the agricultural activity. None of the 
monitoring wells penetrated the granite, although the log of 
one (Well 51) indicates that it was in the weathered zone 
immediately above the granite. Based upon a general knowl
edge of the geology of the area and the fact that the 
Rolesville Granite is fractured, that the ground water 
enriched in N03-N can penetrate into the fractures is a 
distinct possibility. In addition, the presence of the 
basalt dike cutting through the field (Parker, 1979) pro
vides an opportunity for the biosolids-impacted ground water 
to move beyond the limits of Field 102, especially if a well 
is placed appropriately. Exact details depend upon the 
fracture system in the granite, the position of any well 
with respect to Field 102, and the rate at which the ground 
water might be extracted. On the other hand, the depth of 
penetration of the N03-N into the saturated zone may be 
affected by the shallow ground-water flow paths along which 
the nitrate might be carried to the stream lying west of the 
field. 

The results of the investigation show that N03-N had 
reached the saturated zone beneath parts of Field 102 prior 
to the beginning of the 1990-1996 study. Evidence found in 
the 1989 study (King, Welby, et al., 1989) was suggestive. 
The concentrations found at the beginning of the current 
study in Well 28B and Well 28C, well above baseline values 
from Field 602, support the concept. Furthermore, the ele
vated N03-N concentrations from Well 51 and Well 52 corrobo
rate the concept that N03-N from the biosolids had reached 
the saturated zone during the first few years of the bio
solids applications. The increase found in Well 26 through 
1989 and the continued increase during the course of this 
study point to the N03-N migration from the soil zone into 
the saturated zone. 
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Supporting evidence for the migration is the nitrogen 
stable isotope data. Wells 26, 28B, 28C, 51, and 52 all 
have del N-15 values above the 10 0/00 del N-15 value con
sidered an indicator of sewage-derived N03-N (Table 13; 
Kreitler, et al., 1978; Korom and Anderson, 1972). 

The relatively low initial N03-N concentrations found 
in Wells 38, 39, and 40 are believed to be background or 
baseline concentrations and to indicate that the ground 
water beneath the southwestern portion of Field 102 was 
little affected by the application of commercial fertilizers 
prior to the application of biosolids. It is also thought 
that the application of biosolids in the 1980s apparently 
did not affect the N03-N concentrations at this location 
significantly. 

However, beginning in late 1995 and extending until the 
conclusion of field work in March 1996, the CI and N03-N 
concentrations in these three wells increased (Figs. 102-
104). In the case of Well 38 the concentration of N03-N 
remained less than 1 mg/l, yet the CI/N03-N ratio decreased 
(Fig. 102). Well 39 exhibits the same pattern (Fig. 103). 
This decrease is suggestive that the effects of the bio
solids application is reaching to depths of up to 42 ft 
below the ground surface and up to 20 ft below the average 
water table elevation. Thus it appears that the area be
neath Field 102 affected by the N03-N from the biosolids is 
expanding toward the lower, southwestern corner of Field 
102. As many as 15 years may have been required for the 
biosolids impact to have reached this part of the field. 

Part of the investigation at Field 102 dealt with the 
question of how long it might take the N03-N concentrations 
in the ground water to decrease once biosolids were no 
longer applied to the field. No biosolids were spread on 
Field 102 after October 28, 1993, and crops continued to be 
grown between then and the end of data collection in March 
1996. Figures 88-90,100-104 record that N03-N continued to 
increase through early 1996. Data from the few soil nitrate 
samples collected from Field 102 show that N03-N was present 
at elevated concentrations down to depths of 6 ft prior to 
commencement of the investigation in contrast to the lower 
values found in baseline samples from Fields 602 and 61A 
(Table 11; Figs. 85-87). The soil N03-N concentrations at 
Field 102 in 1990 reflect the fact that biosolids were 
applied to the field for a period of years prior to the 
commencement of the present investigation (Fig. 85). Even 
though the field was not sampled sequentially at the same 
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stations or extensively, comparison of the results of the 
1990 and 1993 soil analyses suggests that there has been a 
buildup of N03-N in the soil as a result of biosolids appli
cations between the two sampling times. The 1993 samples 
were collected during the summer with a corn crop in the 
field and before the last biosolids application to the 
field. 

As presently interpreted from the statistical evalua
tion of the N03-N trends, N03-N levels at Field 102 contin
ued to rise, first with the application of additional bio
solids but also after biosolids were no longer applied. It 
appears that the approximately two years during which no 
biosolids were applied to Field 102 is an inadequate period 
of time for major changes to occur in the ground-water N03-
N. In fact, it appears that the N03-N already in the soil 
and saprolite profile is adequate to supply N03-N to the 
ground water for a period of several years. In other words, 
there is presently a reservoir of N03-N in the soil which 
can, and probably will, continue to supply N03-N for a 
considerable period of time (e.g., Addiscott, et al., 1991). 
The soil N03-N concentrations substantiate this conclusion. 

The rate of change will depend upon possible denitri
fication in the vadose zone, denitrification and dilution in 
the saturated zone, and transport of the N03-N away from the 
fields as N03-N additions to the ground water lessen because 
of decreased N03-N in the reservoir. In terms of the simple 
model there is enough N03-N in the upper container and in 
the filter to drain for a number of years. An experiment in 
England conducted from 1877 to 1915 showed nitrate leaching 
from the soil. It took 41 years after cessation of ferti
lizer application for the rate of leaching to decline to 
one-half its initial rate (Addiscott, et al., 1991). 

It was noted earlier in the discussion that in sandy 
loam soils it took from 15 to 18 months for the N03-N con
centrations caused by biosolids applications to the field to 
begin dropping. The water table was 6 ft below the surface 
at the study site (Higgins, 1989). At Field 102 the water 
table is in excess of 30 ft below the surface at the Well 28 
location and 20 ft at the Well 51 site. 

Plant uptake and possible denitrification do not remove 
all of the N03-N applied, and the excess is available for 
migration. In addition to the N03-N in the biosolids in the 
form of Plant Available Nitrogen (PAN) there is a portion in 
the biosolids that can be converted to nitrate after a 
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period of time (e.g., Walther, 1989). The evidence from the 
dissolved oxygen and the soil and saprolite indicates that 
denitrification plays a minor role in removing N03-N from 
the soil water system at Field 102. 

Since August 1994 N03-N and Cl have uniformly increased 
in all wells except Well 28A. Increasing N03-N concentra
tions are found in the wells with high (greater than 60 
mg/l) N03-N as well as low (less than 2 mg/l) concentrations 
of N03-N (e.g., Well 38; Hallberg, 1986). 

Wager (1996) points out in a study of cover crops and 
nitrate leaching that N03-N is available for downward leach
ing to the water table even though a cover crop may be 
present. In addition, he states that the choice of cover 
crop may play a role in controlling the mass of N03-N avail
able. The Organization for Economic Co-operation and Devel
opment (1986) notes that the rate of nitrogen mineral
ization is unpredictable and that excess nitrate can be 
leached to the saturated zone. Macropores can be an impor
tant pathway. It is also suggested that denitrification in 
aquifers is generally not significant. This latter observa
tion suggests that if the N03-N reaches the ground water in 
the fractures in the granite at the NRWWTP that dilution 
will be the manner by which the N03-N concentration will 
decrease. 

The evidence from Field 102 also shows the depth to 
which the N03-N may reach into the saturated zone. Nitrate
nitrogen concentrations up to eight times the drinking water 
MCL of 10 mg/l nitrogen are found at depths of up to 39 ft 
below the surface and at least 15 ft below the median water 
levels in the monitoring wells. The screens of Well 28B and 
Well 52 are thought to be a short distance above the bed
rock. It appears then that the potential exists for the 
nitrate-enriched ground water to be drawn into the fractures 
in the granitic bedrock (Welby, 1968; Heath, 1983). 

Comparison of the Well 28 hydrograph (Fig. 22) and its 
greater detail with the hydro graphs of the other monitoring 
wells in Field 102 and with the time-series curves for Cl 
and N03-N suggests that the Cl and N03-N migrate chiefly 
during the late fall and spring. For instance, the February 
1991 (Day 414) application of biosolids (Table 4; Fig. 8) is 
apparently recorded in a N03-N peak in May and June of 1991 
in Well 28B (Fig. 100). The fall 1990 and spring 1991 
applications may be recorded in a peak in the N03-N values 
in June 1991. Nitrate in the soil and saprolite from ear-
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lier biosolids applications combined with the applications 
of the summer of 1992 appear to have been flushed to the 
Well 28B sampling point by the 1992-1993 rains (Fig. 100). 

As a general estimate there seems to be a lag time of 
80 to 120 days between application of biosolids and appear
ance of increased N03-N in the ground water. Much obviously 
must depend upon the relative timing of the biosolids appli
cation and precipitation. As noted earlier, some N03-N 
transport can occur during summer months when especially wet 
periods occur. 

Randleigh Dairy Farm 

The three wells installed at the, Randleigh Dairy Farm 
for comparison of ground-water quality data at an active 
agricultural site with the ground-water quality data from 
NRWWTP provided limited data for this purpose as the three 
wells were not sampled after 1993. Even with the limited 
data from the Randleigh Dairy Farm wells (Table 19), it is 
apparent that the activities at Field 102 and Field 602 have 
had a greater impact on the shallow ground water than have 
the farming operations at the dairy farm as measured by the 
three wells. They sampled limited areas, and the data from 
them should not be extrapolated much beyond the specific 
sampling sites. 

Saprolite samples from the 3.5-ft depths at two of the 
monitoring wells were analyzed for N03-N. A third sample 
from the location of a "background" well which was not 
completed was also analyzed. The values ranged from 1.5 to 
3.3 mg/kg. The sample containing 3.3 mg/kg N03-N came from 
Well R2 at the edge of the agricultural field (Fig.4). 

The ground-water N03-N concentration in Well R2, at the 
edge of the agricultural field (average = 12.6 mg/l), while 
somewhat elevated above the concentrations of the background 
wells, Well 29 (average = 6 mg/l) and Well 31 (average = 3.8 
mg/l), are still much lower than those found in Wells 28B, 
28C, 51, and 52 (Figs. 100,101,89,90) at Field 102. The 
average 12.6 mg/l of N03-N at Well R2 presumably reflects 
the impact of the agricultural activities at this site 
(e.g., Madison and Burnett, 1995). 

Well R3, located near the feedlot, exhibits N03-N 
concentrations (average = 3.7 mg/l) equal to or lower than 
the concentrations in the two background wells and similar 
to the values found in Wells 36 and 37. 
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Table 19. Randleigh Dairy Farm ground-water quality 

Well R4 Well R3 Well R2 

Julian 89 CI N03-N CI N03-N CI N03-N 

298 45 6.51 5.5 3.57 1 5.14 

305 45 5.74 8 3.85 1 1.19 

319 45 4.99 8 4.04 1 0.741 

319 45 4.99 8 4.04 1 0.741 

417 53 1.7 8 2.98 12 16.51 

466 58 1.65 10 3.58 11 17.41 

480 8 3.35 

528 50.5 3.61 8 3.29 8.5 10.56 

578 51 3.48 9 4.17 11.5 17.22 

605 48 5.14 9 3.23 13 16.68 

628 46 4.79 8 3.35 12 16.02 

677 47 4.69 8 3.53 8 10.94 

712 46 4.08 
718 9 3.19 5 5.18 

767 59 2.56 10 4.31 13 15.17 

807 56 2.59 10 4.1 14 14.64 

849 55 2.31 9 3.5 18 18.77 

878 50 3.69 9 4.49 12 16 

906 55 3.63 8 4.01 11 11.83 

941 51 4.37 11 4.28 14 17.57 

991 48 5.45 12 4.33 13 15.1 

1026 42 7.31 10 4.19 

1059 47 4.21 10 4.43 11 12.96 

1124 47 2.89 12 3.9 14 19.43 

1152 44 2.59 10 3.96 

1180 45 2.45 9 4.11 15 17.97 

1201 45 2.56 9 4.08 12 15.84 

1249 44 3.69 9 3.67 14 13.9 

1285 8 3.9 11 25.2 

1317 45 3.97 11 3.42 7 5.11 

1368 42 5.66 12 4.38 5 3.57 

1403 13 3.07 

1416 38 5.98 10 4.18 11 7.55 

Average 44.919 3.7832 9.04 3.7115 10 12.462 
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R4 exhibits seasonal fluctuations in N03-N, but the CI 
concentrations are higher than those found in most of the 
other monitoring wells. The average CI concentration at 
Well R4 is 44.9 mg/l, based on 29 samples. This value seems 
to imply that there is an impact on the ground water from 
the pond. The CI concentrations from the other wells used 
in the study are much lower. Overall, the N03-N values from 
this well (average = 4.0 mg/l) are within the range expected 
for baseline concentrations at the NRWWTP. 

Nitrogen stable isotopes 
Ground water from Well R2 has a del N-15 value of 

+4.50/00. This value is consistent with values found 
elsewhere where ground water has been impacted by nitrate 
derived from commercial fertilizer (e.g., Kreitler, et al., 
1978). Well R3, located adjacent to the feedlot, provided a 
sample with a del N-15 value of +6.5 0/00. This value falls 
at the upper end of the range for commercial fertilizer 
impact and at the high end of the range for natural con
ditions in general. However, the fact that it is higher than 
for samples collected from wells in Field 602 (e.g., Well 
641, Well 32; Table 13), where N03-N levels are about the 
same, suggests that the overall loading of N03-N at this 
site is less than at Field 102. 

The del N-15 value may also indicate that there has 
been some mixing of N03-N sources, some from the feedlot and 
some from sources that preceded the placement of the feed
lot. Kreitler (1975) reports that fields subject to both 
the raising of crops and cattle grazing would be expected to 
exhibit intermediate del N-15 values. 

Well R4, with its del N-15 value of +10.9 0/00 and 
moderate N03-N values, is located at the base of a pond dam. 
The pond receives drainage from a covered lagoon used to 
generate methane from animal wastes, and it receives runoff 
from the feedlot near Well R3. The ground-water N03-N con
centrations from Well R4 are about the same as those from 
the background well (Well 31) at Field 602 and approxi
mately ten times greater than those associated with Well 38 
in Field 102. However, they are lower than might be antici
pated if there were a major N03-N contribution from the 
pond. The +10.9 0/00 del N-15 value suggests ground-water 
quality impact from the pond. However, the concentrations 
of N03-N in the ground water at the base of the dam are less 
than that found under much of Field 102. 
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The data from the three wells at the Randleigh Dairy 
Farm point to the impact from the agricultural activities 
(Madison and Burnett, 1995). It appears that the feedlot 
has contributed to the nitrate concentrations in the ground 
water beneath the site. Clearly the elevated N03-N values 
at Well R2 point to impact from the commercial fertilizers 
used on the field. Well R4 data provide evidence that 
denitrification probably occurs in the pond and possibly in 
the saturated zone beneath it. 

Field 602 

Introduction 

As the field with no previous history of biosolids 
application prior to the initiation of the 1990-1996 study, 
Field 602 presented the opportunity to learn about the time 
it might take for N03-N to reach the water table and about 
any effects that ground-water discharge from underneath the 
field to baseflow might have on the water quality of a small 
stream. Thus the various data and their graphical expres
sion have been examined to learn about possible rates of 
N03-N movement to the shallow ground water as well as for 
evidence of N03-N entering the Field 602 stream through 
ground-water discharge to baseflow. Details of the well 
hydrographs, the changes in water quality, and the accumu
lation of N03-N in the soil and saprolite have been de
scribed earlier. The use of nitrogen stable isotopes and 
Cl/N03-N ratios as supporting evidence for any water quality 
changes have been discussed. The following comments bring 
together aspects of this information and present an inter
pretation of what has happened at Field 602 since the col
lection of baseline data and the spreading of the first load 
of biosolids. 

The baseline N03-N concentrations for the wells con
structed in Field 602 are given in Table 16. The time
series plots of the various parameters can be found in the 
figures presented earlier. 

Biosolids loading and water-quality changes 
A total of 4482 lbs/ac of N03-N were applied to Field 

602 between February 1991 and August 1995 in eight applica
tions (Table 5; Fig. 9). Twenty percent of this load (896 
lb/ac) is identified as Plant Available Nitrogen (20% PAN). 
The question to be addressed is whether or not a relation
ship can be established between the time of a particular 
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602 between February 1991 and August 1995 in eight 
applications (Table 5; Fig. 9). Twenty percent of this load 
(896 lb/ac) is identified as Plant Available Nitrogen (20% 
PAN). The question to be addressed is whether or not a 
relationship can be established between the time of a 
particular application and a time or times when signif
icantly increased N03-N concentrations appear in the shallow 
ground water. One problem that exists is that some of the 
wells were placed several feet below the median position of 
the water table and thus did not sample the uppermost por
tion of the saturated zone. Nonetheless, reasonable esti
mates of the time between application of biosolids and 
changes in the N03-N concentrations seem possible. The 
actual arrival time of N03-N at the water table is influ
enced by the depth to the water table as well as by other 
factors mentioned earlier. 

Comparison of N03-N loading and soil N03-N. One of the 
questions to be considered in development of an understand
ing of nitrate leaching is one related to determination of 
the point at which leaching of N03-N from the soil might 
begin. One clue to the answer lies in changes in the soil 
N03-N concentrations with application of the biosolids. 
Even though biosolids application occurred at irregular 
intervals and soil N03-N determinations provide only for 
points in time, a plot of the cumulative biosolids as the 
independent variable and the soil N03-N as the dependent 
variable seems to provide insight as to the point at which 
biosolids application engenders a notable increase in the 
mass of N03-N in the vadose zone. The discussion of nitro
gen stable isotope evidence for N03-N in the soil and sub
soil profile indicated that the N03-N from the biosolids has 
been transported at least 6 ft into the subsurface (Table 
10) . 

Figure 141 is a plot of the average N03-N (mg/kg) for 
each of the three soil sampling depths vs. loading. Because 
the soil sampling was not done yearly, it has been necessary 
to combine the 1992 biosolids N03-N loading with that from 
1993. Also, the 1994 loadings are combined with those for 
1995. 

The four points on each depth curve represent the 1990 
background sampling, the 1991 sampling between the 1991 
biosolids applications, the 1993 sampling which followed the 
December 1991, February 1992 and April 1992 biosolids appli
cations, and the 1995 sampling which followed the October 
1992, June 1993, and November 1994 biosolids applications. 
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The 1996 soil samples were collected after the July 1995 
biosolids applications, but the data are not plotted as only 
six samples were collected at the 2-ft and 4-ft depths. 

The curves for all three depths of soil sampling show a 
similar pattern (Fig. 141), a flatter slope associated with 
the first three points followed by a steeper slope after 
2689 Ib/ac cumulative N03-N had been applied. The change in 
slope is interpreted as indicating a surplus of N03-N in the 
soil after 2000 to 3000 lb/ac of N03-N have been spread on 
the field. As a result, a mass of N03-N unused by crops or 
otherwise changed exists in the profile after 2000 to 3000 
lb/ac N03-N have been applied, and at least a portion of it 
is available for leaching. 

Changes in ground-water N03-N. Well 641, Well 642, and some 
of the P wells show well-defined increases in N03-N concen
trations. These are used in comparison of the N03-N loading 
and changes in ground-water quality. Because the amount and 
timing of precipitation is also a factor in the downward 
transport of the N03-N, precipitation data are important to 
the analysis. 

The baseline N03-N concentrations for the wells con
structed in the fall of 1990 and the P wells are given in 
Table 16. Baseline N03-N data for the wells within Field 
602 are greater than those for the P wells. The P well 
baseline N03-N concentrations fall in the range of values 
generally associated with forested areas, pasture, meadows, 
and areas where there has been little or no fertilization 
(Hallberg, 1986). Thus any increase in N03-N above 5 mg/l 
should indicate N03-N impact on the shallow ground water. 

P wells. The time-series plots of N03-N for the P wells 
suggest that in general N03-N began to increase in the 
ground water before January of 1993. By January 1993, 2689 
lb/ac of N03-N had been applied as biosolids. A similar 
conclusion is drawn from the graphs for Well 642 (Fig. 112). 

The baseline N03-N concentrations for Well PI and Well 
P2 are less than 2 mg/l but both wells exhibit a gradual 
increase in N03-N (Figs. 95,98) concentrations until 1995 
when the N03-N increases sharply, approximately four years 
after the initial application of biosolids. In the case of 
Well P2 there are recognizable increases in N03-N in late 
1991 and early 1992 and again in late 1992 and early 1993. 
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The first peak follows the second biosolids application to 
Field 602 by 75 days, and the second one follows the fourth 
application of biosolids by 87 days. A biosolids applica
tion in November 1994 appears to be reflected by a N03-N 
peak 177 days (0.5 yr) later. The sharp increase in the 
N03-N beginning in mid-1995 first appears about 25 days 
after completion of the last biosolids application. The 
peak on the plot occurs 76 days (0.2 yr) after the end of 
the 1995 application. 

Figure 6, which summarizes the daily precipitation at 
the NRWWTP, shows a period of increasing precipitation 
following the last day of the November 1994 (Day 1773) bio
solids application. The period of rainfall between Day 1825 
and Day 1900 provided recharge to the water table (Fig. 95), 
and in doing so it can be expected to have transported N03-N 
the saturated zone. Since November is not normally a period 
of major plant growth and extensive use of nitrogen, some of 
the recently applied N03-N and that remaining in the soil 
from previous applications was available for transport. It 
thus appears that N03-N in the soil and saprolite was trans
ported to the saturated zone and then moved down hydraulic 
gradient to the vicinity of Wells PI and P2. It is possible 
also that some of the N03-N was recharged to the water table 
along the lower slopes of the field, relatively close to the 
P wells. About 30 ft separates the area of biosolids appli
cation from Wells PI and P2, and 50 ft separates Wells P4 
and P5 from the southern edge of the biosolids application. 

A similar analysis can be made in the case of the sharp 
increase in N03-N after the August 1995 biosolids injection. 
In this case the last biosolids were applied on August 8, 
1995 (Day 2039). Subsequent to that time several rainfall 
events (Fig. 6) occurred, and N03-N concentrations began to 
increase in Well P2 to the peak value of 42 mg/l reached on 
Day 2151 (November 21, 1995). Simultaneously the N03-N in 
Well PI was increasing to a peak value of 17.7 on November 
30, 1995. 

Examination of the several graphs for wells P4, P5, P7, 
and P8 (Figs. 97,96,116,117) shows that similar relation
ships exist for application of biosolids, precipitation, and 
increases in N03-N concentrations. It thus appears that 
some of the N03-N in the soil and saprolite was transported 
to the water table and then moved down gradient to the 
vicinity of the P wells, perhaps more rapidly than the N03-N 
was transported to deeper portions of the saturated zone. 
The data also suggest that there is both a vertical and a 
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horizontal component to the movement of the N03-N in the 
saturated zone. 

In the case of Well PI the N03-N increase can be first 
recognized in late 1992 and early 1993 (Fig. 95) while for 
P2 a N03-N peak corresponds to a general increase in the 
water table elevation in both PI and P2. The N03-N plots of 
other P wells suggest that effects of biosolids application 
may have reached them in mid-1992 after 1652 lb/ac N03-N had 
been applied. Addiscott, et ale (1991) note that in one 
study approximately 140 lb/ac of applied N03-N permitted 
leaching under conditions of relatively shallow ground water 
and subsurface materials of moderate permeability. 

Except for Well P13 and Well P14 all of the P wells 
show an increase in N03-N and CI (Table 16; Figs. 95-98, 
116-121). The del N-15 analyses substantiate that the 
increases found in the P well concentrations may be properly 
interpreted as coming from the biosolids applied to Field 
602 since 1990. Although there are variations in the N03-N 
concentrations found in the P wells between 1991 and 1994, 
the sharp rise in N03-N beginning in late 1994 records the 
arrival of biosolids-derived N03-N along the lower edge of 
Field 602 and beneath the Field 602 stream floodplain. 

other wells. Examination of the various time-series 
plots based on data from the monitoring wells in Field 602 
points out that biosolidsapplication on Field 602 has had 
an impact on the shallow ground water beneath the field. 
Wells 641, 642, and to a lesser extent Well 32 and its 
companion, Well 623, provide data which support this inter
pretation. The P wells south of the field (Fig. 3) lend 
support to the interpretation. Also, the fact that wells at 
the edge of the field have not yet shown concentrations 
greater than baseline values indicates that the N03-N impact 
has not yet reached them. 

Well 641 with its midpoint approximately 16 ft below 
the median water table position and 25 ft below the ground 
surface records the first reliably identifiable increase in 
N03-N concentrations in mid- to late 1994, approximately 
1315 days (3.6 yr) after the first biosolids application. 
The CI follows a similar pattern. During this period N03-N 
migrated first to the top of the saturated zone, a minimal 
distance of 8 ft. Diffusion has probably moved the N03-N 
deeper into the saturated zone, at least another 16 to 20 
ft. 
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Review of the well data shows that after 1994 there was 
a continued increase in N03-N in Well 641 accompanied by an 
increase in Cl. The del N-15 values also increase with time 
(Table 13). Although the March 30, 1996, del N-15 value is 
less than the +10 0/00 indicative of biosolids-derived 
nitrogen, the increase in the del N-15 from July 1993 accom
panied by an exponential increase in N03-N together with the 
increase in Cl supports the interpretation that biosolids
derived N03-N is reaching as far as 15 to 20 ft below the 
water table. The decrease in the Cl/N03-N ratio in some of 
the wells supports the concept that N03-N from the biosolids 
has entered the saturated zone. 

By the time that a recognizable increase in N03-N 
concentration had appeared in Well 641,,3684 Ib/ac of N03-N 
had been applied as biosolids. Prior to construction of the 
well three applications had been made (Fig. 9), totaling 
1652 Ib/ac N03-N. The small increase of N03-N found in 
Well 641 in the first half of 1993 may be a response to the 
biosolids applications made prior to October 14, 1992, (Day 
1018) and the ground-water recharge period (Fig. 7) of 1991-
1992. If this is the case, then approximately 558 days 
(1.S3 yr) elapsed between the completion of the first appli-
cation of biosolids and a N03-N impact on the ground water 
approximately 16 ft below the median water table elevation. 

When Well 642 was constructed in 1993, the initial N03-
N concentrations from it were more than 20 mg/l, well above 
the baseline concentrations found in the other wells in 
Field 602 (Table 16). The elapsed time between the first 
sample from Well 642 and the initial application of bio
solids in Field 602 is 916 days (2.5 yr). The interpreta
tion of the Well 642 data is that N03-N reached the satu
rated zone in the area surrounding Well 641 in two years or 
less. 

Well 642 provided ground-water samples whose initial 
del N-1S values were +9.5 0/00 in 1993. However, by 1996 
the del N-15 values had reached +11.2 0/00. Accompanying 
this del N-15 increase, the N03-N and Cl concentrations 
increased (Table 12, Fig. 112). This well samples the shal
low ground water about 4 ft below the water table. 

A N03-N concentration gradient can be estimated for the 
saturated zone at the Well 641-642 location. The gradient is 
calculated using the separation (11.7 ft) of the well screen 
midpoints and the March 30, 1996, N03-N concentrations 
(Table 16). The gradient is 3 mg/l/ft. For comparison the 
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gradient at the Well 51-Well 52 station in Field 102 is 1.98 
mg/l/ft on February 23, 1996, and 2.73 on March 11, 1996. 

The water table fluctuations of Well 32 are approxi
mately mimicked by the variations in N03-N concentration in 
the 1991-1993 period with intervals of rising water table 
being accompanied by increasing N03-N concentrations and 
periods of falling water table being accompanied by de
creasing concentrations. The rising water table implies 
recharge which in turn suggests that N03-N from the bio
solids applied in 1991-1993 was being transported to the 
saturated zone. The measurement midpoint of the 5-ft screen 
is 12 ft below the median water table position. The first 
implied N03-N increase begins about 290 days (0.8 yr) after 
completion of the first biosolids application. 

The shallowest part of the saturated zone shows a 
slight increase in N03-N at the Well 32 station in the upper 
part of the field (Well 623) together with an increase from 
+2.5 0/00 to +4.6 0/00 between May 27, 1995, and March 30, 
1996. During this interval the N03-N concentration changed 
from 7.4 to 9.6 mg/l. Meanwhile, the N03-N had increased 
from a baseline value of 5.9 mg/l to 6.6 mg/l in Well 32, 
whose screen midpoint is 12 ft below the median elevation of 
the water table. It appears that at a midfield site the 
N03-N is reaching the saturated zone after about 5 years. 

In the southeastern corner of Field 602 the data from 
Well 30 can be interpreted as demonstrating that N03-N from 
the biosolids has migrated in the subsurface to near the 
swampy area at the lower edge of Field 602. The upward 
hydraulic gradient at this location suggests discharge into 
the nearby swamp. 

By way of comparison it may be noted that Burns, et ale 
(1998), describing nitrogen cycling through the Neversink 
watershed of the Catskill Mountains, note that ground water 
recharges mainly during the dormant season when the nitrogen 
in the soil is higher than other times of the year. The 
result is elevated levels of nitrate in the ground water 
during the recharge season and elevated levels of nitrate in 
the streams during the growing season as the ground water is 
discharged to the streams from springs feeding the streams. 

Wells 642, P2, PS, and P8 all have the midpoint of 
their screens located at elevations between 207.1 and 209.2 
ft. A sharp increase in N03-N appears in Well 642 in late 
1994 (Fig. 112) and a similar one appears in Well P8 at 
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about the same time (Fig. 117). This increase is followed 
by another one in the summer of 1995. The data from these 
wells suggest irregular movement of the N03-N from the field 
toward the stream at an elevation of between 207 and 209 ft. 
Well P1 records an exponential increase in N03-N concen
trations beginning in 1993 but with rapidly increasing 
values in early 1995. The N03-N concentrations in P7 show 
their greatest increase in late 1995, although a sharp 
increase did also occur in 1994 to be followed by a decline 
in N03-N concentrations. 

Wells P1, P4, and P7 (Fig. 3) sample the ground water 
between elevations of 206.3 and 204.4 ft. The N03-N concen
trations found in P1 continue to increase after mid-1995 to 
20 mg/l in 1996. For Well P7 the N03-N, concentrations peak 
in November 1995 at 22 mg/l to decrease irregularly to 11 
mg/l in March 1996. Well P4 is the shallowest of the three, 
and its concentrations peak at 16.5 mg/l to decline irreg
ularly to 13 mg/l in March 1996. Again, N03-N moved into the 
subsurface beneath the floodplain of the stream from the 
areas of biosolids application. Details of N03-N concen
tration fluctuations and water table fluctuations are dis
cussed in the Results section. 

According to the water level data from the piezometers 
placed in the Field 602 stream, both vertical upward and 
downward gradients existed below the stream bed at different 
times. The downward gradient, which dominated during the 
1995-1996 wet period, indicates loss of stream water to the 
subsurface. It is possible, though not proven, that N03-N 
bearing water moving into the subsurface from the stream 
could enter a reducing environment beneath the swamp, and in 
turn denitrification processes might remove some of the 
nitrate. 

Estimated N03-N mass in ground water. In order to obtain 
indirectly an order of magnitude estimate for the mass of 
N03-N that has reached the saturated zone beneath Fields 102 
and 602, the following calculation can be made. Assume that 
1000 lb/ac of N03-N were to be leached from the upper one
foot of the soil to the saturated zone and to be distributed 
evenly through the upper 20 ft of the saturated zone. Assume 
also a 20 percent porosity for the 20 ft of saprolite. From 
these assumptions and the assumption that the N03-N is 
evenly distributed through the 20-ft interval above the 
water table the N03-N concentration in the ground water is 
calculated as 92.2 mg/l. 

102 



Baseflow 
Generally, concern about the potential N03-N loading to 

streams adjacent to fields to which biosolids are applied 
centers on surface runoff and possible impacts on ground 
water. A concern in this investigation has been the pos
sible contribution of N03-N to surface water through ground
water discharge to streams. The following discussion fo
cuses on this question and estimates N03-N concentrations in 
baseflow. 

The baseflow measurements (Table 9) provide a means of 
estimating the mass of N03-N contributed to the stream by 
ground-water discharge. The calculations are based on the 
volumetric flow rate measurements between the V-notch weirs 
and the N03-N concentrations found in Well PI and Well P2. 
Also used in the calculations are the stream-water concen
trations from samples collected in March 1992 (Tables 9, 
17). No flow measurements were made when these samples were 
collected as the weirs were no longer functional. The con
centrations of N03-N determined from the samples collected 
in 1995 for del N-15 analysis provide additional information 
(Table 13), pointing to the probable increase in N03-N ar
riving at the stream through ground-water discharge. 

The Field 602 stream separates Field 602 from Field 601 
to the south. Little is known about the ground water beneath 
Field 601 except that during.some parts of the year there is 
ground-water discharge to the stream from the base of the 
slopes on the south side of the stream. These slopes are 
the northern boundary of Field 601. 

The average volumetric flow rate attributed to ground
water discharge between the two weirs is 0.025 cfs. This 
value is based solely on those measurements made when the 
stream was flowing along at least part of the stretch be
tween the two weirs. Not included are those negative values 
suggesting that the stream was losing water to the subsur
face or the zero values which indicate no ground-water 
discharge to the stream. 

The 0.025 cfs value for the average baseflow equates to 
16,157 gal/day, or 61,201 l/day ground-water contribution to 
stream flow when there is ground-water discharge to the 
stream. Assuming a 400-ft length for the stretch of the 
stream between the weirs, these values represent 153 
l/day/ft (40 gal/day/ft) ground-water contribution to stream 
flow. For convenience in estimating the ground-water con
tribution of N03-N to the stream it is assumed that the 
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average concentrations of N03-N found in each group of four 
samples collected between May to July 1993 (Days 864 to 935) 
from Wells PI and P2, respectively, represent a range of 
possible N03-N concentrations being contributed to the 
stream by ground-water flow. These average concentrations 
are 3.3 mg/l for Well PI and 7.3 mg/l for Well P2. From 
these data and the baseflow information it is possible to 
estimate the N03-N mass that reaches the stream through 
ground-water discharge. The estimated range for N03-N 
contributions from ground-water discharge is from 505 
mg/day/ft to 1117 mg/day/ft, based on the above assumptions. 
With the recorded rise in the N03-N concentrations in Well 
PI and Well P2 to at least 20 mg/l in both wells, the esti
mated discharge of N03-N to the stream would increase to 
3060 mg/day/ft. 

On the other hand, if only approximately one-half of 
the baseflow can be attributed to the Field 602 area, the 
other half being attributed to Field 601 which lies south of 
the stream, these values are between 252 and 559 mg/day/ft 
for the Field 602 contribution. The Field 601 discharge is 
assumed to contain a N03-N concentration of less than 0.5 
mg/l. 

Table 17 summarizes the N03-N concentration data from 
the samples collected between January 1991 and July 1993. 
Figure 142 summarizes the differences in N03-N and CI con
centrations among the three sampling points. These data 
suggest that by 1992, at least, N03-N from the biosolids was 
reaching the Field 602 stream through ground-water dis
charge. The preponderance of the data points have negative 
values, indicating that for these samples the N03-N or Cl 
concentration is increasing downstream between the individ
ual points of the pairs. It should also be noted that the 
two stream samples collected in 1995 for the nitrogen stable 
isotope analyses at the position of the downstream weir, a 
few feet upstream from stream sampling point P, had N03-N 
concentrations of 3.2 and 4.5 mg/l (Table 13). The one 
sample collected in 1995 from near the upstream weir had a 
N03-N concentration of 0.34 mg/l, which is similar to the 
average of 0.306 ± .374 mg/l for the stream samples col
lected between 1991 and 1993 (Tables 17, 13). By way of 
contrast, the average N03-N concentration at stream sampling 
station P (Fig. 3) for the samples collected from 1991-1993 
is 0.463 ± .305 mg/l (Table 17). The one nitrogen stable 
isotope sample obtained in 1995 directly from ground-water 
discharge near Well PI had a N03-N concentration of 6.3 
mg/l, and the sample from the instream piezometer (NWL3) 
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near the Well P1 location (stream station N) had 5.8 mg/l 
N03-N (Table 17). The samples collected from 1991-1993 at 
this locality had an average of 0.410 ±.270 mg/l N03-N 
(Table 17). By late 1991 and early 1992 the N03-N concen
trations in Well P1 and Well P2 began to increase (Figs. 95, 
98) . 

At the time of the stable nitrogen isotope sampling in 
August 1995, the Field 602 stream was flowing very slowly 
from the point of ground-water discharge near Well P1 east
ward. Under similar conditions on June 23, 1993, the vol
umetric flow rate at the downstream weir was 0.0003 cfs. 
From this volumetric flow rate and a concentration of 6.0 
mg/l derived from averaging the ground-water discharge N03-N 
concentration (Table 13) and that found, in the piezometer 
sample, the estimated mass of N03-N moving past the down
stream weir was 4404 mg/day. If the average N03-N concen
tration of 3.8 mg/l, determined by averaging the N03-N con
centrations in the samples collected in May and August 1995 
(Table 13) at the downstream weir is used in the calcula
tion, the estimated N03-N mass moving past the downstream 
weir was 2789 mg/d. 

It is apparent from the above discussion that ground
water discharge to the Field 602 stream can supply several 
kilograms per day of N03-N to the surface water. Comparison 
of stream baseline N03-N concentrations (Table 17) and those 
found in 1995 indicates an approximately ten-fold increase 
in N03-N mass in the stream during the period of the study. 
The nitrogen stable isotope data (Table 13) support the 
conclusion that the increased N03-N mass is derived from the 
biosolids applied to Field 602. 

Nitrate Transportation 

The soil moisture measurements made during the spring 
and summer of 1995 and from November 1995 to March 1996 
provide possible clues to the migration of the N03-N to the 
saturated zone. It is intuitively obvious, perhaps, that 
the N03-N will not be transported from the soil zone without 
the driving force of infiltrating precipitation. In gen
eral, the water balance for Wake County (Fig. 7) indicates 
ground-water recharge takes place chiefly from October to 
April. It is during this period that the water table rises. 
From April to October the general pattern is for the water 
table to fall as evapotranspiration exceeds the precipita
tion. However, the well hydrographs obtained in this study 
as well as the soil moisture studies indicate that under 
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appropriate weather conditions water can move below the root 
zone and recharge the saturated zone even in the summer. 
Thus water soluble nitrate can be transported into the 
vadose zone even when crops may be in the fields. Times 
when the fields are fallow during the late fall to early 
spring are particularly opportune times for N03-N transpor
tation toward the saturated zone. 

The soil N03-N data from Field 602 (Fig. 86) point to 
gradually increasing levels of N03-N in the subsurface 
during the earlier years of the study. Of particular inter
est, however, is the general sharp increase in N03-N at 
depths down to 6 ft between 1993 and 1995. At many sampling 
stations in Field 602 there is also a relatively sharp in
crease in N03-N between 1991 and 1993. ' 

At the time Well 642 was constructed in 1993, the 
initial N03-N concentration was approximately three to five 
times the baseline concentrations found in the other wells 
in Field 602. Examination of the N03-N plots for the moni
toring wells in Field 602 shows that a sharp increase in 
N03-N developed in Well 641 beginning in the latter half of 
1994 (Fig. 91). Well P2 at the base of Field 602 provided 
N03-N data which indicate that beginning in 1992 and contin
uing into 1993 an overall, irregular, increase of N03-N oc
curred in the ground water at its location. The 1993 soil 
samples show increases of N03-N at all depths. 

It was pointed out in the discussion of the N03-N con
centration changes that a rough correlation may be made 
between precipitation patterns and ground-water recharge at 
Field 602. Similarly, it was suggested that fluctuations in 
the water table may be followed within a period of 20 to 75 
days by mimicking fluctuations in the N03-N concentrations. 
Thus it appears from the soil nitrate data, the soil mois
ture data, and examination of the well hydrographs that N03-
N can be transported downward from the soil zone into the 
saprolite zone and eventually to the water table. This 
transport occurs sporadically and only when adequate precip
itation occurs. 

The precipitation data from the NRWWTP indicate an 
overall trend of increasing precipitation beginning with 
October 1994 and continuing until about January 1996 (Fig. 
6). This trend coincides approximately with the beginning 
of the sharp increase of N03-N in Well 641, Well 642, Well 
P2, Well P5, and Well P8 (e.g., Fig 117). 

106 



Comparison of the precipitation data with the N03-N 
concentration data for Well 52, Well 28B, and Well 26 in 
Field 102 brings out the fact that an upward trend in pre
cipitation beginning in late 1994 (Day 1750) and extending 
into 1995 (approximately Day 2050) exists. The segment of 
the Well 52 N03-N plot beginning at Day 2000 follows a 
similar upward trend. Like patterns are found on the N03-N 
graphs for Wells 51, 28B, 28C, and 26 (Fig.144). 

From this information a general relationship can be 
determined between changes in N03-N in the saturated zone 
and the climatic conditions. The variations in precipi
tation as measured on a daily basis can perhaps be related 
to fluctuations in the N03-N in the ground water. In terms 
of the simple model described earlier, the N03-N in the 
upper container is driven toward the lower container inter
mittently, depending upon the pattern of precipitation 
events and the amounts received at a given time of the year. 
Some of it may be temporarily stored in the filter between 
the two containers. The soil mosture measurements made in 
1995 demonstrate that water is available for N03-N transport 
under appropriate conditions, even during seasons or times 
considered unfavorable for ground-water recharge. The N03-N 
moves intermittently also. 

At most locations in Field 602 N03-N has increased in 
the soil and saprolite down to depths of at least six feet 
since the biosolids were first applied in 1990-1991. The 
stable isotope data indicate that a significant portion of 
this N03-N is derived from the biosolids. The negative del 
N-15 values associated with the background samples at the 
north edge of Field 602 indicate a commercial fertilizer 
source for the N03-N. The area from which the background 
samples came is grassy and presumably may have had chemical 
fertilizer applied in the past. Notable also is the level 
of N03-N in the three soil samples (Table 13); they are not 
too different from values of N03-N found in the ground water 
at some of the monitoring well locations where del N-15 
values do not clearly indicate an impact of the biosolids
derived nitrate. 

The +4.1 0/00 del N-15 at a depth of 9 ft at Station 
33 (Sample 339) and the +7.7 0/00 del N-15 value at 6 ft at 
Station 23 (Sample 236) are both associated with relatively 
low values of N03-N in the February 1996 soil samples. The 
del N-15 values fall in the range for commercial fertilizers 
(Kreitler, et al., 1978; Korom, 1993), but with the negative 
background values (also representative of some commercial 
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fertilizers) it appears that these del N-15 values reflect a 
mixing of sources. The +14.4 0/00 del N-15 values in parts 
of Field 602 point to a biosolids source, and they indicate 
movement of the N03-N down at least as far as 9 ft at some 
locations. 

The depth to the water table at Well 32 is generally 
from 8 to 14 ft below the ground surface. When the soil 
samples were collected in February 1996, the water table was 
approximately 7 ft below the ground surface at the Well 32 
location. At one sample location along Leg 1 (Station 12) 
saturated conditions were encountered at less than 9 ft. 
Thus it appears that the water table, certainly the capil
lary zone, can be in contact with soil possessing relatively 
elevated N03-N concentrations. 

Once the N03-N reaches the saturated zone, it moves 
with the ground water, and as shown by the data from Wells 
641 and 642, as well as the wells in Field 102, it moves 
downward in the saturated zone, probably by a combination of 
diffusion and dispersion. At the same time a horizontal 
flow component exists for the ground-water flow, and this 
transports the N03-N laterally toward the Field 602 stream. 

Although it is impossible to describe unequivocally the 
ground-water flow patterns beneath Field 602, the water 
table maps (Figs. 26-28) for this field suggest that N03-N 
transported to the saturated zone in various parts of the 
field will be discharged at different points along the 
stream (Fig. 3). Thus the discharge in the vicinity of Well 
PI seems to be coming from the western portion of the field 
while discharge to the Well P7 area may be coming from the 
portion of the field in the vicinity of Well 641. 

Welby (1997A, 1997B) made some preliminary estimates on 
the percentage of the N03-N derived from the biosolids that 
have reached the saturated zone. Expressing the ground
water concentration at Well 642 in 1995 in terms of mg/l and 
the biosolids loading in mg/acre, one can calculate the 
ratio between the N03-N in the ground water and nitrogen in 
the biosolids. Both total nitrogen in the biosolids and the 
20 percent PAN can be utilized in calculating a ratio. 

Assume that the biosolids are initially placed in the 
upper 1 ft of the soil. The total nitrogen applied through 
1993 is 2650 lb/ac. The ratio of applied nitrogen to the 
N03-N in the ground water at Well 642 is 2.6%, expressed as 
a percentage. If the 20 percent PAN mass for the same 
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period is used in the calculation, then the ratio is 13%. 
After the 1995 applications the concentration of N03-N in 
Well 642 rose to 55 mg/l in January 1996. The ratio of the 
55 mg/l ground-water N03-N to the total applied nitrogen 
(4550 lb/ac) is 3.25% and for the 20 percent PAN in the 4550 
lb/ac the ratio is 16.4%. These are maximum percentages as 
other wells do not exhibit as high concentrations of N03-N 
in the ground water. However, the results of the calcula
tions do provide a first approximation of the proportion of 
the biosolids-derived N03-N that has been transported to the 
ground water at Field 602. 

The positions selected for monitoring wells affect the 
conclusions reached about the impact of N03-N from the bio
solids on the ground water. In the ca~e of Field 602 the 
wells placed in the higher portions of the field have shown 
significantly less N03-N buildup than those placed farther 
down the slope or those placed in the area of ground-water 
discharge to baseflow. Subtle geomorphic differences, and 
probably differences in the permeability of the saprolite 
across a field, control the pattern initially. The effects 
of geomorphology can be seen in Field 602 when one compares 
the N03-N patterns found in Well 36 and Well 37 with those 
found in Well 641 and Well 642. 

Evidence derived from the P well data indicates that 
the lower slopes near points of discharge to baseflow may 
receive the first recognizable evidence of N03-N impact. 
This relationship probably indicates that the N03-N derived 
from the lower slopes reaches the water table first and then 
moves in the upper portion of the saturated zone toward 
points of discharge. Comparison of the data from Well 641 
and Well 642 shows increasing levels of N03-N in the upper 
part of the saturated zone before high concentrations of 
N03-N are found in the lower part of the saturated zone. 
The P well data indicate that the vegetated buffer zones in 
and by themselves do not guarantee removal of N03-N from the 
shallow ground water. 

Estimation of the rate of movement of the N03-N from 
the time of initial introduction into the soil depends upon 
a number of factors. In the case of a field to which bio
solids have been applied for a long time and thus might be 
viewed as being "saturated" with N03-N, the rate of movement 
may be closer to the rate of recharge to the ground water. 
In the case of a field to which biosolids have not been 
applied previously, the rate of N03-N transport is more 
dependent (1) upon the development of a critical mass of 
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N03-N in the soil and saprolite, (2) the variations in N03-N 
distribution within the soil, and (3) the timing of the 
precipitation, other parameters being equal. Thus the tim
ing of the N03-N arrival in the saturated zone is controlled 
by where the N03-N may be concentrated within a field and 
the nature of the water movement through the vadose zone. 
Also any interpretation will be affected by the positions of 
the monitoring wells in the field and by the frequency of 
sampling, both for water levels and for water quality pa
ramenters. 

Timing of the biosolids application plays a role. When 
the biosolids are applied shortly before or during periods 
of recharge to the water table, N03-N may move with the 
water in a matter of a few months, depending upon the amount 
of precipitation, its timing, and the moisture content of 
the soil and saprolite. The presence or absence of macro
pores in the subsurface is another important factor. From 
the soil moisture studies it can be hypothesized that beyond 
about three or four feet below the surface the saprolite at 
the NRWWTP contains enough water so that moisture migrating 
downward can move essentially under the influence of grav
ity. 

Application of the biosolids during those periods when 
there is no surplus water for recharge reduces the oppor
tunity for movement of the N03-N. If some of the N03-N is 
taken up by crops, the remainder is still available for 
transport to the saturated zone. 

Continued loading of biosolids onto Field 602 can be 
expected to bring about increased N03-N in the ground water 
beneath the field. It is apparent from the biosolids-Ioad
ing data for the field that total N03-N in excess of about 
2000 lb/ac delivered over a period of four years will cause 
N03-N impact on the shallow ground water in the North Caro
lina Piedmont Physiographic Province. This threshold mass 
of approximately 2000 lb/ac equates to 400 Ib/ac of "Plant 
Available Nitrogen" presumed to be in the biosolids. 

The rates of biosolids application at the NRWWTP are 
based upon the 20% PAN. However, it has been recognized 
that in some cases over 60 percent of the nitrogen in the 
biosolids may eventually be available for either plant 
uptake or as excess N03-N beyond what the crops may require 
(Walther, 1984). Thus it seems reasonable to expect that 

more than 20% of the N03-N in the NRWWTP biosolids will be 
available for transport to the shallow ground water. Conse-

110 



quently, it should be anticipated that sometime in the 
future the ground water beneath Field 602 will have N03-N 
concentrations well above the drinking water standards MCL 
of 10 mg/l N03-N. Parts of this field have reached this 
level. Although at Field 602 there may be significant 
discharge of the N03-N to surface waters, it is entirely 
possible that within 5 to 10 years the N03-N impact may 
reach the bedrock beneath the field. Since the depth to 
bedrock and the details of the ground-water flow system are 
not known, it is impossible to make a precise prediction, 
but the evidence from Field 102 certainly suggests that the 
N03-N does move eventually to depths consistent with the 
generally known depths to bedrock found throughout south
eastern Wake County. 

Field 61A 

During the period that ground-water quality data were 
collected from Field 61A, N03-N concentrations did not 
change markedly. In general, the concentration values 
remained close to the baseline values. However, in some 
instances there is evidence suggesting that the N03-N from 
the commercial fertilizer applied to the field had reached 
the water table. Specifically, the N03-N data from Well 64 
suggests that a small increase in N03-N in the upper part of 
the saturated zone can be related to the earlier application 
of commercial fertilizer. 

Comparison of the well hydrographs and the plots of the 
Cl and N03-N data for the individual wells in Field 61A 
suggests that for the shallower wells (Table 16) declining 
CI and N03-N concentrations can be related to an earlier 
period during which the water table fell. Likewise, a 
rising water table can be viewed as preceding a systematic 
increase in the CI and N03-N concentrations. 

Well 163 samples the saturated zone at and near the 
water table. This well provided samples in 1995 which 
showed that the N03-N and CI were increasing along with the 
general increase in water table elevation. Statistically, 
the evidence supports an increase in N03-N at this point, 
and the interpretation is that N03-N from the applied com
mercial fertilizer was beginning to reach the water table at 
this locality. From the totality of the data collected at 
Field 61A it appears that a portion of the N03-N applied as 
commercial fertilizer moved below the root zone of the crops 
between 1993 and 1994. By 1995 N03-N from the May 1993 and 
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April 1994 applications of commercial fertilizer to this 
field was impacting the ground water beneath part of the 
field. 

Although most of the time-series plots for the shallowest 
wells at each monitoring station do not indicate statisti
cally significant increases in N03-N, that of Well 64 does 
(Fig. 58). It is possible to interpret some of the short
term increases in N03-N in other wells as indicative of 
things to come if N03-N loading to the field is continued at 
the rate used in the 1993-1995 period. 

The study at Field 61A did not last long enough to 
permit a meaningful comparison between the impact on the 
ground water of the use of commercial fertilizer and the 
impact of the application of biosolids to croplands. How
ever, the data is suggestive that in both instances evidence 
of altered ground-water quality will appear in the uppermost 
part of the saturated zone within one to two years. 

Summary 

The five-year study has developed the following points. 

1. Nitrogen derived from biosolids applied to agri
cultural fields in the North Carolina Piedmont Physiographic 
Province will reach the shallow ground water and move down
ward into saturated zone toward the underlying crystalline 
rocks. One can anticipate that under the proper combination 
of physical and hydraulic conditions that heavy, or even 
moderate, withdrawal of ground water from crystalline rocks 
in an area adjacent to a field on which biosolids have been 
applied or are being applied will lead to movement of N03-N 
from the biosolids to the well. What will happen depends 
upon the local geology and the relative positions of the 
water well and the agricultural field. 

Comparison of the data from the fields at the NRWWTP 
and the data from the Randleigh Dairy Farm discloses a 
greater N03-N impact on the ground water from the NRWWTP 
operation than from the agricultural uses at the Randleigh 
Farm. The difference is consistent with the general heavier 
use placed on the land at the NRWWTP facility. The baseline 
data from Field 602 support the idea that past agricultural 
practices have affected the ground water less than the 
present use of the land. Anderson's (1975) work points to a 
lower impact of past agricultural practices on the ground 
water than those associated with the biosolids application. 
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2. In some circumstances N03-N delivered from bio
solids applied to agricultural fields may reach the surface 
water system through ground-water discharge to the baseflow 
of the streams. The total mass of any given contribution 
will depend greatly upon the local circumstances of the 
hydrogeology. 

3. Placement of the monitoring wells is critical to 
the understanding of the nature of N03-N ground-water impact 
at anyone site. Wells can be placed so that the impact is 
entirely undetected, or they may be placed so that they 
return appropriate information. Understanding any trends, 
or lack thereof, depends upon an adequate monitoring system 
and a frequent sampling protocol. Sampling frequency and 
water level measurement frequency affect the interpretation 
of the timing of the peaks and lows in the time-series 
curves and thus the interpretation of the lag times between 
moisture movement to the water table and changes in N03-N 
concentration. 

4. Initial impact of the N03-N upon a shallow ground
water system following commencement of biosolids application 
and cropping may take a year or longer to appear. Unless 
water-quality sampling occurs monthly, at a minimum, and 
preferably biweekly, the initial impact may not be recog
nized early. In part, the development of a N03-N impact 
obviously depends upon the loading used. It is probable 
that in most cases of biosolids application the rate of 
application required by the facility will exceed what the 
soil and ground-water system can hold within the depth to 
which plant roots penetrate. If sampling is done on a 
quarterly basis, one cannot be assured that a given combina
tion of samples is really detecting the initial impact upon 
the ground water. Nor can it be determined whether the data 
are denoting seasonal variations or variations associated 
with the chemical analyses. 

Preliminary estimates of possible percentages of the 
nitrogen in the biosolids that has reached the ground water 
at Field 602 indicates that under five percent of the N03-N 
in the biosolids has affected the ground water. However, 
this mass has raised the N03-N concentration in some of the 
monitoring wells to over five times the drinking water MCL 
standard of 10 mg/l N03-N. At Field 102 some samples have 
shown N03-N concentrations of over 8 times the MCL. 

5. Once a field has received biosolids and has 
had crops grown on it for several years, the N03-N buildup 
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in the soil and saprolite of the vadose zone becomes a 
reservoir for a more or less continuous supply of N03-N to 
the ground water. There is ample evidence from this study 
and others that crops do not utilize all of the N03-N avail
able in the biosolids and that the excess is available for 
transport to the saturated zone. 

Conceptually, with the resting of a field, the N03-N 
concentrations should decrease first in the upper part of 
the vadose zone and eventually in the ground water. How
ever, it appears that the process may take a number of 
years. The length of time depends upon the mass of N03-N in 
the vadose zone, the rate and pattern of moisture movement 
through the vadose zone, depth to ground water, the presence 
of any biological activity that may affect the N03-N concen
trations, and the N03-N concentrations in the ground water 
when the biosolids applications are stopped. In addition, 
the possibility that the region hydrological system may 
permit non-N03-N impacted ground water to move beneath the 
field and thus dilute the N03-N bearing ground water must be 
considered. 

6. The long-term water balance is most likely a con
trolling factor on N03-N transport with major N03-N masses 
moving into the ground water during periods of seasonal 
recharge. However, it is also apparent that particularly 
heavy rainfall at times when the water balance suggests an 
excess of evapotranspiration over recharge will cause move
ment of N03-N downward through the vadose zone. In other 
words, there may be times during the spring through early 
fall when evapotranspiration is normally predominant that 
abnormally large amounts of rainfall may occur so that the 
moisture available exceeds the evapotranspiration. When 
this situation exists, the soil moisture may be built up to 
field capacity, and excess infiltrated water may percolate 
downward toward the saturated zone carrying N03-N with it. 
This set of circumstances may occur during the growing 
season as well as when fields are lying fallow. It can be 
anticipated that when the fields are fallow during periods 
of ground-water recharge that N03-N will be transported 
downward toward and into the saturated zone. If excess 
water occurs during the growing season, any N03-N in the 
soil may be transported downward. 

7. The evidence collected during the course of the 
study indicates that during periods of no recharge and 
declining water table elevations that the N03-N concen
trations decrease or that decreasing N03-N concentrations 
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closely follow after the declining water table levels. 
Similarly, rising water table levels appear to be followed 
or accompanied closely afterward by increasing concentra
tions of N03-N in the shallow ground water. The pattern of 
increasing rainfall in late 1994 through 1995 was accom
panied by increases in the N03-N concentrations in many of 
the wells used in the study. 

8. The initial study at the NRWWTP (Anderson, 1975) 
pointed to the fact that commercial fertilizer had probably 
had an effect upon the ground-water quality beneath at least 
one field. Data from the short-lived study at Field 61A 
suggest that at the loading rates used, N03-N derived from 
the chemical fertilizers can have an impact upon the ground 
water in less than two years. 

9. The literature records that agricultural operations 
worldwide have affected the N03-N content of ground water 
(Canter, 1997). So it is not surprising to find that the 
ground water beneath the fields used for the agricultural 
program of the NRWWTP have been similarly affected. 
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Figure 32. Hydrographs Wells 36 and 37, Field 602. 
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Figure 36. Hydrographs, Wells PI and P2, Field 602. 

155 



~ 209 
Cl) 

W 

207 

HYDROGRAPH 

~ WELL P5: Scr. Midpt.=208.27 ft. 
~ WELL P4: Scr. Midpt.=204.4 ft. 

Figure 37 

1990 1996 
205~,,~nrr.,,~~~~~~~~~~~~~~~~~~~ 

o 500 1000 1500 2000 

Days since 12/31/89 

215 HYDROGRAPH 

~ WELL P8: Scr. Midpt.=207.13 ft. 
213 ~ WELL P7: Scr. Midpt.=20S.76 ft . 

.+J 

...... 211 

c 
o ] 

~ 209~ 
~ ~ 
w ~ 

~ 
207 ~ 

j 

~ 
J 
...j 
j 

205 . I i 

a 

~gure 38 

1930 I 1991 1 1992 I 1993 1994 I 1995 1 1996 
• I I Ii, , i I I ii, 'i I I iii, I , I I iii, I L I j I Iii j I I i 

500 1000 1500 2000 

Dcys since 12/31/89 
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Figure 3S. Hydrographs, Wells P7 and PS, Field 602. 
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Figure 40. Hydrographs, Wells P13 and P14, Field 602. 
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Figure 42. Hydraulic gradient between Wells P4 and P5. 
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I FIGURE 51. FIELD 61 A WATER TABLE ELEVATION, 

JULY 23, I 993 
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I FIGURE 52. FIELD 61 A WATER TABLE ELEVATION 

..JUNE I 5, I 995 
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Figure 76. Soil moisture changes at 27 in depth near 
Well 63, Field 61A, April-July, 1995. 

Figure 77. Soil moisture changes at 39 in depth near 
Well 63, Field 61A, April-July, 1995 

Figure 78. Soil moisture changes at 75 in depth near 
Well 63, Field 61A, April-July 1995. 
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Figure 79. Soil moisture changes in June 1995, Field 61A, 
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Figure 80. Soil moisture changes in July 1995, Field 61A, 
near Well 63, recording the drying out of the 
profile presumably chiefly by downward migration 
of the moisture. 
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Figure 81. Soil moisture changes with time, April-July 
1995 near Well 63, Field 61A, 9, 15, 21, 27 in 
depths. Note soil moisture changes in response 
to June rainfall (cf. Figs. 75 and 76) . 

Figure 82. Soil moisture changes with time, April-July 
1995 near Well 63, Field 61A, 33, 45, 57 in 
depths. Note soil moisture changes in response 
to June rainfall (cf. Figs. 75 and 76) . 
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Figure 87. Soil nitrate, Field 61A. 
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Figure 124. Well R4 chemical parameters. 

226 



200 

19S 

c:: 190 
.2 

~ 
G:i 

185 

12 

HYDROGRAPH 

........ w~LL 61B: Scr. loAidpt.-178.17 

Well 618 - N03-N 

o~~~~rr'r"r'rn~~'"~2~~·.r'~rnn1~~TT+rrrrM"~~~~ o ~ ,_ 1~ 2_ 
Days since 12/31/89 

12 

Well 618 - Chloride 

1000 1 SOC 2000 

Days since 12/31/89 

Figure 125. Well 61B chemical parameters. 

227 



200 HYDROGRAPH 

195 - WELL SIC: Scr. ~idpt.- 174.13 

c 190 
.S! 

~ 
W 

1115 

1000 l!1OO 2000 
Days since 12/31/89 

12 

Well 61C - N03-N 

1000 l!1OO 

Days since 12/31/89 

12 

Well 61 C - Chloride 

1990 199' 

!IOO 1000 l!1OO 2000 
Days since 12/31/89 
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Figure 129. Well 62B chemical parameters. 
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Figure 139. Well 163 chemical parameters. 
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Figure 140. Three dimensional space and time projection 
of soil moisture distribution near Well 641 
from November 1995 to March 1996. Most notable 
is the elevated moisture content between 41 in 
and 59 in occurring before February 10, 1996 
(Day 2232). Also evident is a general incr~ase 
in moisture content after January 16, 1996. 
Compare with Figs. 67 and 72. 
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Figure 141. Comparison of N03-N in the soil and saprolite 
at Field 602 and the applied N03-N. Steepening 
of the curves for the 2-ft, 4-ft, and 6-ft 
depths after 1993 suggests the presence of 
nitrate in the soil and saprolite in excess of 
that which can be utilized by the crops or 
which can be denitrified. The excess N03-N 
is available for transport to the shallow 
ground water. Compare the timing of the 
change in slope of the curves with the 
timing of the increase in N03-N in some of 
the monitoring wells in Field 602. 
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Figure 142. 
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Changes in concentration of N03-N and Cl 
along the Field 602 stream. Station M 
is located upstream from the upstream 
weir; Station N is near the location of 
Well PI; and Station P is located downstream 
about 50 yards from the downstream weir 
(Fig. 3). Station N is located where there 
appears to be nearly year-round ground-water 
discharge into the stream. 
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Figure 143. Comparison of N03-N and 
Field 602 stream between 

245 

Strecm Chloride Changes 
Stations M-N 

y-.651 .... 2.35 

:3 ~ 5 6 7 i ~ 9 ,'0 ,', ,'2 i "3 ,'4 1'5 
Station M - Chloride (mg/I) 

Stream Chloride Changes 
Stations N-P 

/ ..., 

Stream Chlaride Changes 
Stations M-P 

-- A A 

y-.702 .... 2.25 

~ 6 7 ~ 9 "0 1'1 1'2 13 1'4 1'5 
Sto~:on M - Chloride (mg/I) 

Cl concentrations in 
sampling stations. 



'001 

'" 50i 0' 

E 

J 

Figure 144. 

9 
~ 10 
I 

- inches 
,I (f) 

/I " 
<I> 

"9,, ..c: 
[i] II ~ , I U , c: 

/I I I I 
, II/I 

" 

1111 5 1116 
r!I¢" , 0.. 

I' f , Q... 

~: 6 " II I!l 

I!J 
0 

0 

r~ 
GeeOO Well 52 - N03-N (mg/I) 

Comparison of monthly precipitation and N03-N 
concentrations in Well 52, Field 102. 

246 


