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WASTEWATER APPLICATION BY SPRAY IRRIGATION
ON A FIELD SOUTHEAST OF TALLAHASSEE,
FLORIDA: EFFECTS ON GROUND~WATER
QUALITY AND QUANTITY, 1980-82

By John F, Elder, James D. Hunn, and Calvin W. Calhoun
ABSTRACT

An 1,840-acre agricultural field southeast of Tallahassee, Florida, which
has been used for land application of wastewater by spray irrigation, is the
site of a long-term, ground-water monitoring study. The purpose of the study
is to determine effects of wastewater application on water-table elevations
and ground-water quality. The study was conducted in cooperation with the
City of Tallahassee. This report summarizes the findings for the period
1980-82.

Wastewater used for spray irrigation has high concentrations, relative to
those in ground water, of chloride, nitrogen, phosphorus, organic carbon,
coliform bacteria, sodium, and potassium. At most locations, percolation
through the soil has been quite effective in attenuation of these substances
before they can impact the ground water. However, increases in chloride and
nitrate-nitrogen were evident in ground water in some of the monitoring wells
during the study, especially those wells which are within the sprayed areas.
Chloride concentrations, for example, increased from approximately 3 milli-
grams per liter to 15 to 20 milligrams per liter in some wells and nitrate-
nitrogen concentrations increased from less than 0.5 milligrams per liter to
4 milligrams per liter or more.

Ground-water levels in the area of the spray field fluctuated over a
range of several feet. These fluctuations were affected somewhat by spray
irrigation, but the primary control on water levels was rainfall.

As of December 1982, constituents introduced to the system by spray
irrigation of effluent had not exceeded drinking water standards in the ground
water. The system has not yet stabilized, however, and more changes in
ground-water quality may be expected.

INTRODUCTION

Application of wastewater to land is a relatively common method of
wastewater disposal. The practice is certainly not new to the field of
sanitary engineering; successful and long~term irrigation systems begun many
centuries ago in Europe have been reported (Thomas, 1973). In the United
States, wastewater irrigation has been used since the late 1800's, especially
in the west, where the resource value of wastewater provides additional
incentive (U.S. Environmental Protection Agency and others, 1977). As quan-
tities of wastewater have increased substantially during this century, the
problems of its disposal have multiplied, and the land-application approach



has become more popular. Land treatment may be accomplished in any of three
ways--irrigation, overland flow, or rapid inflitration--and its successful imple-
mentation in a number of municipalities demonstrates its viability (Wright and
Rovey, 1979).

There are several advantages of land application of wastewater (Sheaffer,
1979). Three benefits are wastewater disposal, crop fertilization, and water
conservation. Land application also offers the advantage of being a convenient
and relatively inexpensive treatment process. Because the vegetation and soils
provide a natural filter system, extensive pretreatment of wastewater is theo-
retically not necessary before the wastewater is applied to the land. Wastewater
is applied to land commonly after secondary treatment, and is often used as a
substitute for the expensive tertiary treatment process (Franks, 1981).

Although repeated implementation has demonstrated its feasibility, land
application is not without potential problems (Johmson, 1979). Primary and
secondary treatment systems are designed primarily to reduce the levels of sus-
pended solids, biochemical oxygen demand, and pathogenic organisms, but may leave
relatively high concentrations of nutrients, some metals, and some bacteria and
viruses. Some of these constituents are likely to be stripped from the water as
it percolates past plant roots and through the soil. Others, however, may be only
partially or temporarily bound by the plants and soil particles, with the result
that leaching into the ground water can occur. Nitrate-nitrogen, for example, is
extremely soluble and if there is an excess beyond that which can be utilized by
the plants, it may be transported rapidly through the soils and into the ground
water., As an anion, nitrate does not participate in ion-exchange reactions with
the soil. Metals are much less soluble. Because of their cationic nature, they
can be removed by chelation, precipitation-filtration, and ion exchange, and they
tend to be quickly sorbed to soil particles (Iskandar, 1975). Retention of metals
in the upper 10 inches of soil seems to be the general rule, regardless of soil
characteristics (Brown and others, 1983). However, there may be a limit to the
metal load which can be adsorbed, and if that is exceeded by heavy or continual
loading, the result may be a gradual movement of the pollutants down through the
soil horizons, eventually to reach the water table.

Bacterial contamination of ground water can be a serious problem,
contributing to outbreaks of waterborne disease (Allen and Geldreich, 1975).
Although mobility of organisms is limited in fine to medium substrates by
straining, adsorption, and die-off, there have been reports of transportation of

sewage-derived bacteria over distances of several hundred feet (Wesner and Baier,
1970).

History of Wastewater Application in Tallahassee

Spray irrigation of secondary-treated sewage from the city wastewater treat-
ment plant was initiated in Tallahassee, Fla., in 1966. Two spray fields have
been used (fig. 1). Until 1980, spray irrigation was limited to a 120-acre field
southwest of the city and adjacent to the Thomas P. Smith Wastewater Treatment
Facility (fig. 2). A number of test wells were installed in and around the field
and, beginning in 1972, the U.S. Geological Survey, in cooperation with the City
of Tallahassee, monitored water levels and quality of ground water. Two reports
published earlier (Slack, 1975; Yurewicz, 1983) give the results of that moni-
toring program. Additional information about the Tallahassee spray irrigation
project was given by Overman (1979) and Franks (1981).
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Objectives

In 1980, the U.S. Geological Survey began a cooperative project with the
City of Tallahassee to assess the effects of wastewater spray irrigation on
ground-water quality and hydrologic features of the southeast spray field.
This report presents the results of the first 3 years of data collection
(1980~82).

The objectives of the study were:

1. To describe the hydrogeology and the effects of spray irrigation on the
local ground-water-flow system;

2. To determine changes over time in ground-water quality, both vertically
and horizontally.

The second objective is not completely fulfilled by the data presented in
this report because the ground-water quality in and near the spray field area
has not stabilized. Continuing data collection after 1982 will monitor
further changes in the system.

ScoEe

The geographical area of the study is the southeast spray field and
immediate vicinity (fig. 5). It does not deal with the southwest field,
although some data from that field are presented for comparative purposes. To
achieve perspective, it 1s also useful to compare the Tallahassee data with
those reported for land-application programs in other areas. Some reference
to other studies will therefore be presented.

Data collection at the southeast field began in November 1979 and con-
tinues at the present time (September 1983). This report is based on data
from February 1, 1980, through December 31, 1982. Special attention was paid
to trends, both in the hydrologic characteristics and the water quality of the
aquifer at the southeast spray field.

Water-quality properties and constituents, which have been monitored,
include temperature, pH, specific conductance, nutrients, major cations and
anions, heavy metals, and fecal bacteria (coliform and streptococci). The
program did not include a study of viruses or organic substances, other than
measurement of dissolved organic carbon. Hydrologic information is based on
water-level measurements at each monitoring well, coinciding with each water
sample taken, and continuous recording of water levels at one central well
(well 3).
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METHODS

Installation of Monitor and Test Wells

Monitor wells used in the Tallahassee southeast spray-irrigation field
monitor three principal zones of depth: deep wells (150-250 feet deep),
intermediate wells (40-149 feet), and shallow wells (10-39 feet). Most wells
are located near or around the eleven spray-irrigation pivots in the spray
field (fig. 5). Table 1 lists physical characteristics of these wells. All
wells except numbers 28-36 are deep or intermediate and tap the Upper Floridan
aquifer. The shallow wells are sampled with a bailer; the deep and inter-
mediate wells are sampled with a pump. Most wells have permanently installed
pumps (fig. 6).

The deep and intermediate wells were installed by reverse rotary and
cable-tool methods. After setting steel or PVC casing, the wells were grouted
to land surface. The shallow wells were installed by hand or power augering.
Samples of cuttings from wells 2-7, 9, 10, 12, 14-24, 37-49, and 51 were
examined for lithology. Gamma ray logs were run on wells 2-7, 9, 10, 12,
14-24, 37, 40, 43, 46, 48, 49, 51, and SES.

Sampling and Analytical Techniques

Field Procedures

Six field measurements were made at each well as the water samples were
collected. These include:

1. Water levels.--At least two tape measurements were taken at each well.

2. Pumping volume.--After making water-level measurements, but before sample
collection, twice the volume of water in the casing of the well was
pumped or bailed out.

3. Temperature.--Read to nearest half-degree Celsius, from pumped or bailed
sample,

4. pH (hydrogen ion concentration).--Measured with a temperature-compensated
meter readable to +0.02 pH units.

5. Specific conductance.--Taken with a battery-operated meter equipped with
temperature compensator and direct readout in microsiemens per centi-
meter (us/cm) at 25°C (77°F).

6. Alkalinity.--Determined by using incremental method of titration.

Field measurement data, and information peculiar to each sample, were
supplied with the sample to the appropriate laboratory. Samples were trans-
ported or shipped to the laboratory on the day that they were collected.
Time-critical analyses were performed within allowable time limits either in
the laboratory or in the field. All methods or techniques used conform to
standard field and laboratory practices of the U.S. Geological Survey and its
Central Laboratory.
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Table 2 gives the frequency range of data collection at wells and the analyt-
ical procedures used for each constituent. The field was visited on a regular
monthly basis, but for any particular well and any particular constituent or
property, the frequency can be less.

Table 2.--Data-collection frequency range and analytical procedures for chemical
constituents

[A1l methods follow Skougstad and others (1979) unless otherwise indicated]

Frequency range
(number per
Constituent year per well) Analytical method
1980 1981 1982

Nitrogen,
Nitrite plus nitrate, total 1-7 1-2 4-12 Colorimetry cadmium-
NO3 + NO, (mg/L as N) reduction reduction-
automated!
Ammonia, total NHs; (mg/L as N) 1-6 1-10 1-7 Colorimetry indophenol
automated!
Ammonia plus organic, total TKN 1-6 0-10 0-7 Block digestion plus
(mg/L as N) colorimetry, automated
Phosphorus, total P (mg/L as P) 1-6 0-10 0-7 Colorimetric, phospho-
molybdate, automated.
Fecal bacteria (colonies/100 ml) 0-6 0-10 0-4 Membrane filter method
Common ions (mg/L of each ion) 0-6 0-10 0-4 Atomic absorption, direct
Carbon, dissolved organic DOC 1-6 0-10 0-4 Wet oxidation
(mg/L as C)
Metals (ug/L of each metal) 0-6 0-8 0-2 Atomic absorption
Chloride, dissolved (mg/L as Cl) 1-7 3-16 6-12 Colorimetry, automated

lgreenburg and others (1980).
Laboratory Analytical Techniques

The City of Tallahassee Water-Quality Laboratory performed a major part of
the analytical work for the investigation. These analyses were supplemented by
those of the U.S. Geological Survey laboratories in Ocala, Fla., and Doraville,
Ga. The use of reference materials, spiked samples, and samples split between
laboratories were used to evaluate laboratory performance data.

Identification of the analyses and the methods used to determine their
concentrations are given in table 2.
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HYDROGEOLOGY

Physiography and Topography

The spray field southeast of Tallahassee is in an area named the
"Woodville Karst Plain" by Hendry and Sproul (1966) and consists of a buried
limestone surface with sinkholes, overlain by sand, silt, and clay. The
limestone is part of the Floridan aquifer system, the principal source of
ground water in mnorth Florida. The spray field is located on a topographic
high that continues to higher altitudes to the north. Land surface slopes
from altitudes of 70 to 20 feet above sea level in the spray field toward the
Gulf of Mexico to the south and to adjacent areas east and west of the field
(fig. 7). To the east of the spray field there are small lakes and inter-
mittent tributaries to the St. Marks River. Some ponds and swamps may be
found to the west. Some ponds also exist in the southern half of the spray
field, but no streams drain the field. Before development of the spray field
the area was a forest of planted pine trees.

Surficial Aquifer

The surficial aquifer consists of the deposits between land surface and
the Floridan aquifer system. The upper few feet has been described by Sanders
(1981). The predominant soils in the spray field are Kershaw and Ortega
sands, consisting generally of sand with 7 percent or less silt and clay to a
depth of about 6 feet. The soil zone is unsaturated except in the vicinity of
the ponds in the southern part of the spray field.

The surficial material above the Floridan aquifer system has been
described by Schmidt (1979) and by Hendry and Sproul (1966) as mostly clayey
sand and medium to fine sand and silt.

Examination of the lithologic samples from the test wells confirm that
the surficial aquifer consists of clayey, silty, very fine to coarse sand with
layers of clay, which, in general, become thicker and more numerous with
increasing depth. The geologic and hydrogeologic units underlying the spray
field are shown in table 3. Figure 8 shows thickness of the unconsolidated
deposits, based on geophysical logs, drillers' logs, and examination of well
cuttings. A geologic section, marked A-A' in figure 8, is illustrated in
figure 9. The surficial aquifer does not appear to be permeable enough to be
a good source of water for drive-point.wells and apparently is less permeable
than the surficial material at the southwest spray field as described by Slack
(1975).

Part of the surficial material at the southeast field is saturated, and
the water table in the surficial aquifer is above the potentiometric surface
of the Upper Floridan aquifer. The water table follows the slope of land
surface to some extent. Data on the position of the water table are not
sufficient to permit mapping.

The clay layers within the surficial aquifer do not constitute an
effective, continuous confining bed because of interfingering with the sand
and because of breaching by sinkhole development. Most of the ground-water
flow from the surifical aquifer into the Floridan probably occurs where the
clay layers are thin or missing.

15
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Table 3.-~-Hydrogeologic units

[From Schmidt (1979), Hendry and Sproul (1966), and Miller (1982b)]

. . . . Thickness
Series Formation Hydrogeologic unit (feet)
Holocene Fine sand and silt, 1
to clayey sand, and clay Surficial aquifer 30-60
Miocene
Miocene St. Marks Formation
Floridan aquifer 1,600
system
Oligocene Suwannee Limestone
Ocala Limestone
Avon Park Formation
Eocene
Undifferentiated Confining bed Unknown
fine-grained clastics

1Thickness is much greater in buried sinkholes. The greatest
thickness of buried materials found was about 130 feet in well 7.

Floridan Aquifer System

The geologic units that constitute the Floridan aquifer system (Miller,
1982b) are shown in table 3. The top of the aquifer is about 0 to 50 feet
above sea level in the vicinity of the spray field (Kwader and Schmidt, 1978),
and slopes to the south at an irregular rate to altitudes of 0 to 50 feet
below sea level along the Gulf Coast in Wakulla County.

Lithologic samples, gamma-ray logs, and drillers' logs from the test
wells were used to prepare a detailed map of the altitude of the top of the
Floridan aquifer system at the spray field (fig. 10). The upper part of the
Floridan (St. Marks Formation) appears to be a poorly consolidated and partly
clastic deposit. Some shallow open-hole wells caved during drilling, indi-
cating structural weakness of the St. Marks Formation. New sinkholes could
form at any time, especially during and following droughts or extensive
development of high yielding wells. The deepest test wells (7 and 37) pene-
trate the Suwannee Limestone. g

The base of the Floridan aquifer system in this area is described by
Miller (1982a) as the top of undifferentiated units of '"silty, highly
glauconitic, micaceous, fine-grained sand interbedded with brown, lignitic
clay" of early Eocene age, with an altitude about -2,000 feet. The Floridan
in the spray-field area is about 1,600 feet thick, based on Miller (1982¢c),
and it thickens to the south to about 2,300 feet along the Gulf Coast of
Wakulla County.
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Figure 10.~-Altitude of the top of the Floridan aquifer system.
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The potentiometric surface of the Upper Floridan aquifer in May 1980 (fig.
11) is shown by Rosenau and Milner (1981). The flow of ground water is approxi-
mately at right angles to the contours from the potentiometric surface highs in
north Florida and south Georgia toward the Apalachee Bay. Additional recharge to
the aquifer occurs along the flow path. The spray-field area is classified as an
area of high recharge by Stewart (1980). Recharge rates in such areas generally
range from 10 to 20 inches per year. Computer model simulations of the prede-
velopment flow of the Floridan aquifer system by Bush (1982) estimate the rate of
recharge to be 15 to 20 inches per year in the spray-field area.

In the particular area of the southeast spray field, the direction of lateral
ground-water flow in the Floridan aquifer system is toward the southwest (figs. 11
and 12). As in the surrounding area, recharge occurs along the flow path, and
such recharge is augmented by spray irrigation. The direction of vertical
hydraulic gradient in the upper 150 feet of the Floridan, based on water levels in
deep and shallow limestone wells at the sampling sites, is upward throughout most
of the field (fig. 13). Where the vertical hydraulic gradient is upward, recharge
from the uppermost limestone layers is not entering the deeper limestone layers.
The upward gradient may be changed to a downward gradient by continued spray
irrigation or by heavy rainfall. The downward gradient near the southern edge of
the spray field is probably a local phenomenon. The gradient must be upward near
the St. Marks and Wakulla Rivers in order to discharge the water.

Discharge from the Upper Floridan aquifer is to numerous springs (Rosenau and
others, 1977), to the spring-fed St. Marks and Wakulla Rivers to the south, to
evapotranspiration near these streams, and to the Gulf of Mexico. Pumpage consti-
tutes a very small part of the discharge from the aquifer system in this area.
The city of Tallahassee uses about 18 Mgal/d from wells distributed throughout the
city. A commercial establishment about 3 miles west of the spray field and the
supply well at the spray field each use less than 0.01 Mgal/d. These withdrawals
have little effect on the potentiometric surface in the spray field because of the
very high transmissivity and high recharge rate of the Floridan aquifer system.
Bush (1982) estimates a transmissivity of greater than 1,000,000 ftZ?/d, based on
computer model simulation of predevelopment flow in the Floridan aquifer system.

SPRAY TRRIGATION RATES AND WATER-LEVEL CHANGES

The amount of wastewater applied by spray irrigation to the southeast field
ranged from 24 to 350 million gallons per month, from the initial application in
November 1980 through December 1982. During the first 16 months, all wastewater
was applied to the western part of the field (area A) through pivots 1 through 7
(fig. 5). In March 1982, the eastern pivots in area B, numbered 8 through 11,
were put into service. The monthly volumes of irrigation translate to application
rates varying from 0.8 inch to nearly 10 inches per month, with a monthly mean of
6.3 inches. Figure 14 shows the monthly variation of spray rates in both area A
and area B.

Also shown in figure 14 is monthly precipitation during 1980-82 at the
National Weather Service site near the Tallahassee airport. The precipitation
rate varied over nearly the same range as did the wastewater application rate.
The driest month during this period was December 1980 with 0.89 inch of rainfall,
and the wettest month was July 1982 with 11.75 inches. Summing the precipitation
and irrigation rates through 1982 yields total monthly water deposition rates on
the surface of area A. These total rates range from 4.1 inches in November 1980
to 18.3 inches in July 1982.
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Monthly water-levels in all wells were compared to rates of both
precipitation and spray irrigation using least-squares linear regression. The
results are shown in table 4. Data from all wells were matched with precipi-~
tation, those from area A were matched with irrigation rates from pivots 1
through 7, and those from area B were matched with irrigation rates from
pivots 8 through 11. Nine wells were found to correlate with precipitation at
a probability level of 0.05, and six others showed correlations at a
probability level of 0.10.

Table 4,--Wells whose water-level changes with time correlated significantly
with precipitation or irrigation rates

[Area A includes pivots 1-~7 and all wells except wells 37 through 49.
Area B includes pivots 8-11 and wells 37-49 only. o = significance

level]
Independent variables
Precipitation Irrigation rates
Areas A and B Area A Area B
(01/80-12/82) (11/80-12/82) (03/82-12/82)
Wells showing correlation i, 2, 4, 9, 10, None 38, 40, 41,
at o = 0.05 . 14, 16, 19, 32 48, 49
Additional wells showing 6, 7, 15, 17, 14 39, 42
correlation at a = 0.10 20, 21

Two of the area A wells which showed highly significant correlation
between water levels and precipitation were wells 1 and 9. Plots of their
water-level changes with time are compared with the previously illustrated
precipitation and irrigation curves in figure 15. The two wells followed very
similar patterns. Water-level plots for wells 48 and 49, from area B, are

also shown. Like wells 1 and 9, their water-level fluctuations are very
similar.

Overall water deposition rates on the land surface, including
precipitation as well as spray irrigation, apparently have some effect on
ground-water levels in the area. Since the total annual volumes of
precipitation and irrigation on the field were not greatly different, it is
not obvious that one dominated over the other as being the primary influence
on water levels. However, closer inspection of monthly variability gives
indications that the primary controlling variable was precipitation, and
irrigation was of secondary importance.

The hydrographs for wells 1 and 9 (fig. 15), show two major peaks during
the period of complete record (1981-82). Those peaks occurred in February
1981 and August 1982. 1In addition, it appears that there were peaks in March
and April 1980 and in July 1980, although the record for that year was not
complete. All four of these peaks coincided with the major rainfall peaks of
the same month or 1 month earlier. For example, the February 1981 peak was
matched by a large increase in rainfall, and the 1982 peak in August was
preceded by a rainfall peak 1 month earlier. This suggests that rainfall
effects are subject to a lag time which is on the order of 1 month or less,
the precise time depending on numerous physical and hydrologic conditions.
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The statistical correlations shown in table 4 also demonstrate effects of
precipitation. The irrigation rate in area A had very little influence on water
levels (table 4). Comparison of the plots of area A irrigation and precipitation
(fig. 15) indicates that the two rates fluctuated in very different patterns. At
times their fluctuations were in opposite directions, as in January through April
1981, July and August 1982, and November and December 1982. Hence, it is not sur-
prising that water levels do not correlate to both factors. The effect of the
precipitation input is apparently the dominant of the two.

A different explanation is required for the results of regression analysis
for area B. Among those wells, there were none whose water levels showed close
correlation with rainfall, but there were several that were apparently closely
related to the area B irrigation rates. This seems to be opposite to the area A
results. Further analysis, however, suggests that the primary dependent variable
is still rainfall, and the irrigation rate in area B, unlike area A, happens to
fluctuate in nearly the same manner as rainfall (fig. 14). The reason that the
correlation with rainfall did not appear was that the rainfall effects were
delayed. Regression analysis of area B water levels against the rainfall from the
previous month shows very high correlation. At wells 48 and 49, the correlation
coefficients (r?) were 0.83 and 0.90, which are significant at o = 0.00l. Water
levels in all other area B wells except number 37 were correlated to l-month-
lagged rainfall at significance levels of o = 0.05 or less.

The effects of local precipitation alone on water levels in the Upper
Floridan aquifer can be seen by figure 16. The same 1980-82 precipitation data
are compared with water levels from two Tallahassee wells which are distant from
the spray fields (fig. 1). These give further evidence that rainfall has an
important effect on water-level fluctuations in the Upper Floridan aquifer. Peaks
in the well hydrographs occurred in April 1980, August 1980, March and April 1981,
and August 1982. At the Lake Jackson well, there was also a noticeable rise in
water level from January through April 1982, All of the hydrograph peaks
coincided quite closely with rainfall peaks of approximately 1 month earlier.
There were some additional, smaller rainfall peaks which did not have any apparent
effect on ground-water levels. Most of these occurred in the spring and summer
when evapotranspiration would be likely to consume considerable quantities of
water at or near land surface.

Although the ground-water levels responded to major changes in water depo-
sition rates on the surface, they were quite independent of minor fluctuations.
During the period from June 1981 through May 1982, precipitation and irrigation
rates did not fluctuate a great deal. The minor fluctuations in water levels at
wells 1 and 9 during the same period show no appreciable relation, by inspection
of the hydrographs, to either rainfall or irrigation.

The principal effect of irrigation on ground-water levels may be considered
as an indirect one. With the exception of some fluctuations during the first few
months of application, the irrigation rate tends to be more uniform than rainfall.
This keeps the soil and unsaturated zone at high moisture levels, and when precip-
itation occurs, it is nearly all available for recharge. Evapotranspiration (ET)
can also remove considerable quantities of water (in excess of 6.3 inches poten-
tial ET per month during the growing season, as calculated by the method of
Thornthwaite and Mather, 1957). However, rainfall is usually quite heavy during
the same months, helping to provide for ET demands.
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EFFECTS OF SPRAY IRRIGATION ON GROUND-WATER QUALITY

Initial Water Quality

Wastewater application by spray irrigation began in November 1980, but data
collection from wells in area A began early in that year. Hence, there were
several months of data collection which provided information on the quality of the
ground water before any possible effects of spray irrigation. Mean data from all
area A wells for the first 10 months of 1980 are presented in table 5. Also shown
are mean concentrations of the same constituents in the wastewater sampled from
the holding ponds at the field nine times between April 1981 and July 1982,

Table 5.--Mean concentrations of chemical constituents in ground water at
southeast field 'prior to spraying (mean data from all area A wells in first
10 months of 1980) and in wastewater sampled from pump inlet prior to
spraying on the field (mean data for nine samples, April 1981-July 1982)

[All values in milligrams per liter unless otherwise indicated. Mean
pH values were calculated as actual hydrogen ion activities. * indi-
cates dissolved concentrations; otherwise total recoverable]

Ground Waste- Ground Waste-
Constituent water water Constituent water water
*Chloride 3.2 50 Fecal coliform 2 110
*Sulfate 7.6 29 (#/100 ml) -
*Fluoride 0.1 0.3 Total coliform 3 210
pH (units) 8.0 7.4 (#/100 ml)
Alkalinity 94 130 Fecal streptococcus 7 16

(#/100 ml)
Nitrogen (as N):

Ammonia .02 1.70 Arsenic (ug/L) 1.5 1.5
Nitrate .20 6.5 Cadmium (ug/L) - 0.3
Nitrite .01 0.82 Chromium (ug/L) 4.0 2.1
Organic .09 4.0 Copper (ug/L) 9.7 10.0
Iron (pg/L) 200 48
Total phosphorus .04 6.4
*Organic carbon 1.9 11 Lead (ug/L) 3.9 0.5
*Calcium 30 37 Manganese (ug/L) 4.9 9.2
*Magnesium 5.1 9.6 Mercury (ug/L) 0.11 0.10
*Sodium 2.2 43 Selenium (ug/L) 1.2 0.3
*Potassium 0.4 7.5 Zinc (ug/L) 6.7 20

Comparisons of wastewater quality with that of the ground water shows
substantial differences in some constituents and virtually none in others.
Constituents which were notably higher in the wastewater included chloride, all
nitrogen species, phosphorus, organic carbon, and coliform bacteria. Among the
major cations, sodium and potassium were at much higher concentrations in waste-
water than in ground water, but calcium and magnesium were not. Fluoride,
alkalinity, pH, and fecal streptococcal bacteria were not significantly different
in the two water types. None of the trace elements showed differences which would
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suggest potential impact of the wastewater application. In some cases,
particularly iron and lead, concentrations were actually higher in ground water
than in the wastewater.

Water—Quality Changes During Study Period

Chloride and Inorganic Nitrogen

Not only are chloride and inorganic nitrogen species among the chemical
variables found in substantially higher concentrations in wastewater than in
ground water (table 5), but they are also highly soluble and quite conservative,
resulting in relatively high mobility through soils (Childs and others, 1974).
Nitrate-nitrogen is a very common contaminant in ground water, especially in
agricultural areas (Freeze and Cherry, 1979; Foster and others, 1982). The
various forms of dissolved nitrogen are subject to transformation and uptake by
vegetation, but in oxidizing conditions, nitrate-nitrogen is the stable form. It
might therefore be expected that chloride and inorganic nitrogen would be the
first indicators of wastewater inflow to the ground-water system.

The 1980-82 data for each well in area A were analyzed using the Seasonal
Kendall test (Hirsch and others, 1982), a non-parametric trend analysis technique.
Figure 17 shows plots of chloride and inorganic nitrogen from wells 9, 10, 22, and
29 in the southern section of the field, and well 36 in the northern section. At
these five wells, two of which are surficial (29 and 36), significant trends of
chloride, and, in most cases, total inorganic nitrogen were found (see fig. 17
caption). Where total inorganic nitrogen was found not significant (wells 22 and
29), the trend test was also performed on nitrate-nitrite data. Significance was
shown for both wells. The reason that addition of ammonia data rendered the trend
not significant was that ammonia analyses were less frequent, making the number of
data points too small to yield significant results with the trend analysis test.

The data from well 9, in particular, indicate that water-quality impact on '
the ground water began to appear in late 1981 (fig. 17), approximately 1 year
after spray irrigation began. Both chloride and total inorganic nitrogen were
relatively stable until that time, then began to show marked increases which
continued through 1982. This pattern was also observed at wells 10, 22, and 36,
although there were more random fluctuations superimposed on the general trend.

The l-year delay in water-quality impact is much longer than the l-month lag
time between rainfall and its effects on water levels. This difference can be
explained principally by the mechanism of breakthrough. Chloride or other con-
stituents move into and through the aquifer in a "plume," radiating out from the
area of application. The area is extremely small relative to the entire aquifer,
and may thus be considered a point so