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Effects of Spray-Irrigated Treated Effluent on Water
Quantity and Quality, and the Fate and Transport of
Nitrogen in a Small Watershed, New Garden Township,

Chester County, Pennsylvania

By Curtis L. Schreffler, Daniel G. Galeone, John M. Veneziale, Leif E. Olson, and David L. 0'Brien

Abstract

Anincreasing number of communitiesin Pennsylvaniaare
implementing land-treatment systemsto dispose of treated sew-
age effluent. Disposal of treated effluent by spraying onto the
land surface, instead of discharging to streams, may recharge
the ground-water system and reduce degradation of stream-
water quality. The U.S. Geological Survey (USGS), in cooper-
ation with the Pennsylvania Department of Environmental Pro-
tection (PaDEP) and the Chester County Water Resources
Authority (CCWRA) and with assistance from the New Garden
Township Sewer Authority, conducted a study from October
1997 through December 2001 to assess the effects of spray irri-
gation of secondary treated sewage effluent on the water quan-
tity and quality and the fate and transport of nitrogen in a 38-
acre watershed in New Garden Township, Chester County, Pa.

On an annual basis, the spray irrigation increased the
recharge to the watershed. Compared to the annual recharge
determined for the Red Clay Creek watershed above the USGS
streamflow-gaging station (01479820) near Kennett Square,
Pa., the spray irrigation increased annual recharge in the study
watershed by approximately 8.8 in. (inches) in 2000 and 4.3 in.
in 2001. For 2000 and 2001, the spray irrigation increased
recharge 65—70 percent more than the recharge estimates deter-
mined for the Red Clay Creek watershed. The increased
recharge was equal to 30-39 percent of the applied effluent.

The spray-irrigated effluent increased base flow in the
watershed. The magnitude of theincrease appeared to berel ated
to the time of year when the application ratesincreased. During
the late fall through winter and into the early spring period,
when application rates were low, base flow increased by
approximately 50 percent over the period prior to effluent
application. During the early spring through summer to the late
fall period, when application rates were high, base flow
increased by approximately 200 percent over the period prior to
effluent application.

The spray-irrigated effluent affected the ground-water
quality of the shallow aquifer differently on the hilltop and hill-
side topographic settings of the watershed where spray irriga-
tion was being applied (application area). Concentrations of
nitrate-nitrogen (nitrate N) and chloride (Cl) in the effluent
were higher than concentrations of these constituentsin shallow
ground water from wells on the hilltop and hillside prior to start
of spray irrigation. In water from wells on the hilltop, concen-
trations of nitrate N and Cl increased in samples collected dur-
ing effluent application compared to samples collected prior to
effluent application. Also, increasing trendsin concentration of
these two constituentswere evident through the study period. In
water from wells on the hillside, which were on the eastern part
of the application area, nitrate N and Cl concentrations
increased in samples collected during effluent application com-
pared to samples collected prior to effluent application. Also,
increasing trends in concentration of these two constituents
were evident through the study period. However, on the hillside
of the western application area, the ground-water quality was
not affected by the spray-irrigated effluent because of the
greater thickness of unconsolidated material and higher
amounts of clay present in those unconsolidated sands.
Although nitrate N concentrations increased in water from hill-
top and hillside wellsin the application area, the nitrate N con-
centrations were below the effluent concentration. A combina
tion of plant uptake, biological activity, and denitrification may
be the processes accounting for the lower nitrate N concentra-
tionsin shallow ground water compared to the spray-irrigated
effluent. Cl concentrations in water from hilltop western appli-
cation areawell Ch-5173 increased during the study period but
were an order of magnitude less than the input effluent concen-
tration. Cl concentrationsin shallow ground water in the eastern
application area approached the median chloride concentration
inthe spray-irrigated effluent of 90 mg/L (milligrams per liter).
The chloride concentrations in water from wells Ch-5180 and
Ch-5179 were 74 and 61 mg/L in samples collected in Decem-
ber 2001, which was when data collection ended.
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The spray-irrigated effluent affected the ground-water
quality of the shallow aquifer in the valley bottom, which was
outside the application area. Nitrate N concentrations were
lower and ClI concentrations were higher in the effluent than
concentrations of these constituentsin shallow ground water in
the valley bottom because of past land-use practices. Histori-
cally, spent mushroom substrate was disposed of in this area.
The spent mushroom substrate leached nitrate N into the shal-
low aquifer causing elevated concentrations of nitrate N
(>25 mg/L). In water in the valley bottom, nitrate N concentra-
tions decreased and chloride concentrations increased when
comparing samples collected prior to application to samples
collected during effluent application. The increased hydraulic
loading of spray-irrigated effluent flushed out the higher con-
centrated nitrate N water from the area. Cl concentrations
started to increase after approximately 1 year of effluent being
applied, which may be due to lag time of the effluent water
reaching the valley bottom.

Spray-irrigated effluent did affect ground water in the bed-
rock aquifer on the hilltop application areaand in the valley bot-
tom but ground water in the bedrock aguifer on the hillside
application areas was not affected. Concentrations of nitrate N
and Cl increased dlightly in water from wells on the hilltop
probably because vertical downward head (water-level) differ-
ences between the shallow and bedrock aquifers were greatest
on the hilltop. The overall effect in the valley bottom was the
dilution of higher concentrations of nitrate N, Cl and other con-
stituents present in the in-situ ground water because of the
increased hydraulic loading.

As of the end of thisinvestigation in December 2001, the
spray-irrigated effluent did not affect the water quality of the
pond or the stream base flow |eaving the watershed with respect
to concentrations of nitrate N. Stormflow or loadings were not
assessed. However, because the shallow aquifer under the
application areawas affected, the water quality of the pond and
stream base flow will most likely be affected sometime in the
future, but the timing can not be determined.

The effects of effluent application on N fate and transport
were studied in a 20-acre subbasin within the 38-acre water-
shed. Possible N inputs to the system include atmospheric dep-
osition, effluent spray irrigation, and N fixation by leguminous
plants. Possible N outputsinclude loss through volatilization of
ammoniain spray water during irrigation, denitrification pro-
cesses in subsurface zones, water discharge from the subbasin,
and plant uptake and subsequent removal during harvest.
Changesin N storage can occur in the soil matrix, both in the
solid and liquid phase, and in the ground-water system.

N inputs to the 20-acre subbasin from June 1999 through
December 2001 averaged about 190 Ib (pounds) per month;
about 91 percent of thiswas input from spray-irrigated effluent
and the remaining was from precipitation events. Approxi-
mately 70 percent of the 5,420 Ib of N applied in effluent from
June 1999 through December 2001 wasinorganic N. Measured
atmospheric deposition of N from August 1999 through
December 2001 was 490 |b. Theformsof N in atmospheric dep-
osition were ailmost equally distributed between nitrate N

(36 percent), organic N (33 percent), and ammonia N (30 per-
cent). Inputs from precipitation were distributed relatively
evenly throughout the year; spray-irrigation inputswere highest
during the growing season (75 percent of the spray-irrigated
effluent was applied from April through September). It was
assumed that N fixation by microorganisms was zero over the
study period.

The primary N output from the 20-acre subbasin wasfrom
plant harvesting. Plant harvesting removed about 4,560 Ib of N
during the three growing seasons from 1999 to 2001 or about
77 percent of thetotal N output during the study period. Assum-
ing that only the inorganic-N portion of the spray-irrigated
effluent was available to plants, the additional N taken up by
plants was from the store of N in the soil matrix. These data
indicate the importance of plant harvesting at spray-irrigation
sites and the importance of timing applications with plant
growth so that some of the applied N is recovered by plants.

Water discharge and ammoniavolatilization accounted for
the remaining 23 percent of the N output from the 20-acre sub-
basin. Water discharge from the subbasin occurred as under-
flow (beneath aswale) and water captured by the swale and dis-
charged from the subbasin through a flume. N output from
underflow accounted for about 18 percent (or about 1,060 Ib) of
the total N output from the 20-acre subbasin. Approximately
94 percent of the dissolved N leaving the 20-acre subbasin in
underflow wasin theform of nitrate with the remaining fraction
organic N. Water discharge through the flume accounted for
about 4 percent (or about 250 Ib of N) of thetotal N output from
the 20-acre subbasin. The primary forms of N in water dis-
charged through the flume were organic N (57 percent) and
nitrate N (36 percent). Ammoniavolatilization was another sea
sonally dependent component that was found to occur only dur-
ing the growing season when air temperatures were higher than
during the rest of the year. Loss of N through ammonia volatil-
ization was estimated to be about 60 Ib during the study period.

N stored in the solid-soil phase was the predominant form
of N in the 20-acre subbasin. The average amount of N in the
solid-soil phase over the entire 20-acre subbasin for soil depths
of 04 ft was 170,000 Ib. Approximately 98-99 percent of N in
the 04 ft depth interval wasin organic form. Inorganic forms
of N in the solid-soil phase from 0 to 4 ft indicated an increase
from spring 1999 to fall 2001. The mass of ammonium ions
increased from approximately 700 Ib in spring 1999 to 1,600 b
in fall 2001 (at depths from 04 ft). Concentrations of nitrate
ionsin the solid-soil phase basically indicated no change over
the same period. Unlike nitrate, which is transported through
the soil system relatively rapidly, ammonium ions are retained
in the soil.

N stored in the soil water and shallow ground water sub-
stantially decreased over the study period in the 20-acre subba-
sin. The mass of N in the soil water and shallow ground-water
compartmentsin spring-summer 1999 was about twice asmuch
asthemass of N for thelast samples collected in 2001. Approx-
imately 8687 percent of N in soil water and ground water to the
depth of competent bedrock was in the form of nitrate N. The
mass of N in shallow ground water was reduced even though



shallow wells at the top of the 20-acre subbasin indicated sig-
nificant increasesin concentrations of nitrate N during the study
period. Effluent application hel ped to flush the soil nitrate from
the spent mushroom substrate out of the system, thusdecreasing
the mass of stored N in the shallow aquifer.

The N balance for the site indicated that spray irrigation
did not cause any increasing trend in N lossesin water discharg-
ing from the 20-acre subbasin from June 1999 through Decem-
ber 2001. There was also no net increase in the storage of
inorganic N in subsurface compartments. Plant uptake of N
appeared to be the primary factor in minimizing the loss of N
from the 20-acre subbasin. Seventy-five percent of the N load
from spray-irrigated effluent was applied from April through
October. This spray site was designed so that some N applied
during effluent application would eventually be removed from
the site through harvesting of plant material.

Introduction

Because the suburban population in southeastern Pennsyl-
vaniais rapidly growing, thereisinterest in expanding the use
of wastewater-treatment and disposal technologies that help
sustain the water quality and water bal ance of watersheds.
Increasing the amount of wastewater discharge to surface
waters degrades stream-water quality. Also, interbasin transfers
of water may increase, resulting in a net export of water from
the originating watershed. These transfers may result in
decreased streamflow in the originating watershed. The assimi-
lative capacity of al streamsislimited, and interbasin transfers
of water can reduce the assimilative capacity and flow-based
habitat conditions in these watersheds.

Both the Pennsylvania Department of Environmental
Protection (PaDEP) and the Chester County Water Resources
Authority (CCWRA) have adopted policies to minimize the
guantity of contaminants discharged to streams and of interba-
sin transfers of water. The Report of the Pennsylvania 21% Cen-
tury Environment Commission states among itsgoalsto “strive
continually to reduce loadings by methodsthat process and treat
dischargesto remove or minimizethe pollutantsthey carry” and
“...to maintain the natural hydrology of al streams and water-
sheds... To maintain that healthy balance, the transfer of water
out of watersheds should be limited, properly treated wastewa-
ter should be recharged to the ground water, preferably at the
same location or higher (in atitude) in the watershed from the
placewhereit wasremoved.” (Pennsylvania21st Century Envi-
ronment Commission, 1998, p. 46). Two policies of Chester
County’s Comprehensive Plan (Chester County, 1996, p. 114)
areto “ preserve and enhance the existing network of stream val-
leys and their aquatic habitats and encourage a sustainable
water-cyclebalancewithin watersheds as devel opment occurs.”

The PaDEP and Chester County government agencies are
encouraging alternative disposal methods for wastewater other
than instream discharges. One alternative treatment and dis-
posa method island application. Chester County’ s Landscapes
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(Chester County, 1996, p. 122) promotes the use of land appli-
cation of treated effluent, as reflected by the policy to “encour-
ageinnovative wastewater-treatment and disposal systemswith
preference giventoland application of treated wastewater.” The
Pennsylvania 21st Century Environment Commission (1998,

p. 46) further promotes “encouraging closed-loop systems or
land application (spray irrigation) of wastewater will help main-
tain a stable and adequate base flow in awatershed.”

Land-application treatment is defined as the controlled
spraying of effluent onto the land surface to achieve treatment
through natural physical, chemical, and biological processes
within the plant-soil-water matrix. In southeastern Pennsylva-
nia, the most widely used type of land treatment is the “slow
rate” method where effluent is sprayed onto the land surface;
the primary disposal of effluent is through evapotranspiration,
infiltration, and percolation, and nutrients are reduced by plant
uptake (Chester County Planning Commission, 1990).

With increasing interest in expanding the use of land-
application technologies at the State, county, and municipal lev-
els, the CCWRA asked the U.S. Geologica Survey (USGS) to
investigate the effects of atargeted land-application technology
onwater resources. The New Garden Township spray-irrigation
study focused on determining the effects of spraying secondary-
treated effluent on a small watershed in southern Chester
County, Pa (fig. 1). The New Garden Township spray-irriga-
tion site was selected from five potential study sitesin Chester
County. The selection was based on the topographic and geo-
logic setting of the site, the PaDEP permit status, and the start
date of operation. At the New Garden Township spray-irriga-
tion site, the vast majority of effluent wasto be applied on three
fields. One spray field was entirely within the small watershed,
and approximately half of asecond spray field wasin the water-
shed. Thethird spray field was not in the watershed. In addition
to thethree main spray fields, two spray fieldswere constructed
to receive limited amounts of applied effluent. Part of one of
these fields was in the watershed.

The New Garden Township spray-irrigation site is under-
lain by crystalline rocks. Most of southern Chester County is
underlain by crystalline rocks with asimilar general Glenelg-
Manor-Chester soil association (Kunkle, 1963). Other areas of
southeastern Pennsylvania share similar geologic settings;
therefore, study results are transferable to other areas of south-
eastern Pennsylvania. Once this site was selected, New Garden
Township and the New Garden Township Sewer Authority
became partners in the study.

In Pennsylvania, land application of effluent is a water-
quality concern and is under the jurisdiction of the PaDEP,
Water Management Program. Land-application sites are inves-
tigated for suitability for this type of wastewater treatment. If
the site is deemed suitable, PaDEP issues a water-quality-man-
agement permit for land application of effluent. The New Gar-
den Township spray-irrigation site received a PaDEP permit
during spring 1997.

The timing of spray-field construction and the planned
start of wastewater application (fig. 2) were such that datacould
be collected before any effluent was applied. Wellsweredrilled
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Figure 1. Location of New Garden Township spray-irrigation site, Chester County, Pennsylvania.



Well drilling started
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Quarterly ground- and surface-water sampling started

Pennsylvania Department of Environmental Protection cooperator added

Soil sampling started

Monthly ground- and surface-water sampling started

Flume, raingage, bulk-precipitation sampler installed and lysimeter sampling started

Spray irrigation started

Soil-moisture probes and micro-meteorological station installed

Monthly water budget started

Remnants of Hurricane Floyd

Data collection ended

1997 1998 1999

Figure 2.
Pennsylvania.

inthefall of 1997, and the first round of water-quality samples
were collected in the spring of 1998. Initial testing of the spray
system started in May 1999; daily operation of the spray-irriga-
tion system started in June 1999. Initially, the study was a coop-
erative project between CCWRA, USGS, and the New Garden
Township Sewer Authority. Theinitial objectives of the study
were to determine the effects of spray-irrigated effluent on
water quantity and quality for the watershed on an annual basis.
In the spring of 1999, a new cooperator, the PaDEP, was added
to the project. Because of the addition of PaDEP, the scope and
objectives of the study were expanded to determine the effects
of spray-irrigated effluent on water quantity and quality for the
watershed on amonthly basis and to determine a nitrogen (N)
budget for the watershed.

The expanded objectives addressed two PaDEP issues
concerning the effects of land application of effluent. Theissues
were the (1) monthly hydraulic loading of wastewater, and
(2) N-species fate and transport within awatershed. The
monthly hydraulic-loading issueisimportant because permitted
effluent-application rates are tied to monthly permitted hydrau-
lic-loading rates, which are a part of standard operating proce-
duresfor aland-application treatment facility. These permitted
monthly hydraulic-loading rates allow for more effluent appli-
cation during the summer and less effluent application during
thewinter. An assessment of the monthly water-quantity budget
may assist the PaDEP in evaluating monthly hydraulic-loading
rates at land-application sites. The seasonal variation of N spe-

2000 2001

Project timeline with major events for the spray-irrigation study, New Garden Township, Chester County,

cies at land-application sitesis another issue. Land application
of effluent allows for ammonia volatilization, some denitrifica-
tion prior to recharge, and removal of N through biological
uptake. These processes reduce N loads to water bodies and
decrease the potential for transportation of excessive concentra-
tions of N species to water bodies. Quantifying the removal of
N aong aflow path prior to entering any water bodiesiscrucia
to municipalities concerned with excessive loads of nitrate and
ammonia from effluent application entering aquifers and sur-
face-water systems.

This study was designed to assess the effects of land
application of treated effluent on a small watershed by a
treatment facility working under normal operating conditions
and procedures. Normal operating conditions can vary because
of day-to-day site conditions. On some occasions, wastewater
could have been applied to the fields but was not because of
operational problemsof thefacility, such asbroken pipes, pump
maintenance, crop harvesting, or waiting for the crop to dry
before harvesting.

Purpose and Scope

This report summarizes the effects of spray-irrigating
treated effluent on the water quantity and quality of a 38-acre
watershed in southern Chester County, Pa. The report also sum-
marizesthe fate and transport of N on a 20-acre subbasin of the
watershed on which the wastewater was applied. Methods used



to determine (1) the effects of the spray-irrigated treated efflu-
ent on water quantity and quality in the watershed and (2) the
fate and transport of N in the 20-acre subbasin of the watershed
are described.

The effects on ground-water and surface-water quantity
were determined using a monthly water-budget approach.
Ground-water-level and streamflow monitoring began in May
and April 1998, respectively, and continued until December
2001. Annual water budgets also were determined and com-
pared to alarger nearby watershed to assess the effects of apply-
ing treated effluent. Ground-water and surface-water quality
were characterized from chemical analyses of water samples
collected monthly. Ground-water and surface-water sampling
began in May 1998 and continued until December 2001.
Results of statistical analyses of ground- and surface-water
samples collected prior to and during effluent application were
used to determine the effects of the applied effluent on ground-
and surface-water quality. Additional statistical analyses of
ground-water-sampl e results from wells on the application area
and wells outside the application area, control wells, were done
to assess the effects of the applied effluent on ground-water
quality. The fate and transport of N was assessed as it moved
from the effluent into the soil, soil water, ground water, crops,
discharge to surface water, and volatilized or denitrified to the
atmosphere using a seasonal N-budget approach. Collection of
N fate and transport data began in April 1999 and continued
until December 2001.

Previous Investigations

Tofflemire (1976) compiled aliterature review of papers
dealing with land application of wastewater. Research is exten-
sive onland application of effluent and wastewater reusein arid
and semi-arid regions of the world, where water reuseisa
necessity. Numerous studies on land application of effluent on
water systems have been done in the State of Floridaand in the
southwestern United States. In Pennsylvania, extensive
research on land application of wastewater has been done at the
Pennsylvania State University wastewater-disposal site (Sop-
per, 1976). However, limited research has been done on quanti-
fying ground-water recharge caused by land application; Sop-
per (1976) estimated annual ground-water recharge over a
12-year period that ranged from 40.5 to 68 in. with an average
year-round application rate of approximately 2 in. per week at
the Pennsylvania State University site.

Various reports presenting results of water-resourceinves-
tigationsin southern Chester County, Pa., have been published.
Poth (1968) described the hydrology of the metamorphic and
igneousrocksof central Chester County. Sloto (1994) described
the ground-water resources of Chester County. Vogel and Reif
(1993) described the geochydrology, summarized the water
quality, and simulated the ground-water flow in the Red Clay
Creek watershed in Chester County. Senior (1996) described
the ground-water quality of the Red Clay Creek watershed and
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characterized the relation between ground-water quality and
hydrogeology, land use, and surface-water quality.

Description of Study Area

The spray-irrigation site is on approximately 100 acres
owned by the New Garden Township Sewer Authority in New
Garden Township, southern Chester County, Pa. The siteis
0.75 mi west of Kennett Square Borough and 3.25 mi northwest
of the Pennsylvania/Delaware State line. The site is within the
Red Clay Creek watershed; Red Clay Creek isatributary to the
ChristinaRiver.

A small closed surface-water drainage basin on the site
(plate 1) was instrumented for determining the monthly water
budget. This watershed is approximately 38 acres. A smaller
subbasin of the watershed (approximately 20 acres) that
included about half of spray field 1, spray field 2, and the area
downgradient from those fields was instrumented for determin-
ing the fate and transport of N. Two areas outside of the 38-acre
watershed were instrumented and used as control areas for the
study.

Many natural, physical, and anthropogenic factors affect
onsite characteristics and, subsequently, can affect study
results. Natural and physical factors include climate, drainage,
soils, and hydrogeology. Anthropogenic factors include onsite
vegetation, historical land-use practices, and standard facility
operations.

Climate

The study areain southeastern Chester County has a mod-
ified humid continental climate. Summers typically are warm
and humid, and winters are mild to moderately cold. The mean
monthly 30-year (1971-2000) normal temperatures at West
Chester, Pa., which is about 12 mi northeast of the site, for the
coldest month, January, is 30.1°F and for the warmest month,
July, is74.7°F (National Oceanic and Atmospheric Administra-
tion, 2002). January isthe only month that has a mean monthly
temperature below freezing; however, frozen ground is com-
mon during November through March. The typical growing
season in southeastern Pennsylvaniais from the end of April
until the beginning of October.

The mean annual 30-year (1971-2000) normalsfor precip-
itation at West Chester (about 12 mi northeast of the study area)
and Chadds Ford (about 7 mi east of the study area), Pa., are
47.89 and 47.56 in., respectively (National Oceanic and Atmo-
spheric Administration, 2002). Precipitation isdistributed fairly
evenly throughout the year. The mean monthly 30-year normal
precipitation at West Chester ranges from 3.05 in. for February
to 4.75in. for September. The mean monthly 30-year normal
precipitation at Chadds Ford ranges from 3.13 in. for February
to 5.11 in. for September.

Various extreme climatic events were recorded during the
study. Drought conditions were present from June through mid-



September 1999 and again from July through December 2001.
Nearly 9 in. of rain from the remnants of Hurricane Floyd fell
within the watershed in a 24-hour period on September 16,
1999. The effects of these extreme events on the results of this
study are not fully understood.

Drainage

The 38-acre watershed drains to an unnamed tributary to
the West Branch Red Clay Creek. Thetributary isan ephemeral
stream that flowsto the northeast and flows to the West Branch
Red Clay Creek approximately 1,200 ft downstream from the
site.

Maximum altitudes are along the southern and western
boundaries of the watershed at 405 ft above NGV D 29. The alti-
tude of the streambed near the outflow from the watershed is
about 300 ft above NGV D 29. The surface-water drainageflows
mostly to the north and east. A 0.8-acre pondisin thewatershed
near the outflow at an altitude of about 315 ft above NGV D 29.

The N fate and transport component focused on a 20-acre
subbasin (plate 1). In order to capture and collect surface runoff
from precipitation, drainage modifications were constructed to
divert surface runoff to an areajust east of thepond. A bermwas
constructed to direct runoff from the 20-acre subbasin directly
through a flume (plate 1).

Soils

A detailed soils evaluation of the New Garden Township
spray-irrigation site was conducted as part of the PaDEP per-
mitting process for the spray facility (DelVa Soil and Environ-
mental Consultants, written commun., August 18, 1994, and
November 27, 1995). The evaluation included 12 auger borings
drilled to depths of 15 or 37 ft below land surface (fig. 3). The
borings were made on October 17-18, 1994. In addition, 20
soil-test pits were excavated to a minimum depth of 6 ft below
land surface (fig. 3). The soil-test pits were excavated on
August 3, 1994, and November 17, 1995.

The auger boringsrevealed athick layer of saprolite (from
271062 ft). Saproliteisderived from thein-place weathering of
the underlying crystalline rock (Vogel and Reif, 1993, p. 12).
The underlying bedrock or parent material consists mainly of
metamorphosed rocks (quartzite, gneiss, and mica schist). The
saprolite consists of various colors (brown, orange, gray, and
(or) white), particle sizes (fine, medium, and (or) coarse), and
textures(sand, siltloam, silt, silty clay loam, and silty clay) with
fragments of mica schist rock and (or) veins of quartzite. In
addition to the soils formed in place, there may be soils formed
from localized deposition of transported materials from ridge
and side slopes to drainage areas and wetland areas and from
mushroom-growing activities associated with disposal of spent
mushroom substrate.

The former Soil Conservation Service of the U. S. Depart-
ment of Agriculture, now the Natural Resource Conservation
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Service, mapped the soils at the spray-irrigation site (Kunkle,
1963). The dominant soils are the Glenelg-Manor-Chester soil
association, including the following specific soil types:

» Glenelg silt loam—The Glenelg soils (Typic
Hapludults) are considered deep, well-drained soils
occurring on upland landscape positions.

e Glenville silt loam—The Glenville soils
(Aquic Fragiudults) are deep, moderately well to
somewhat poorly drained soils on low-lying areas and
around the heads of streams where the water tableis
seasonally high.

e Worsham silt loam—The Worsham soils (Typic
Ochraguul uts) are deep, poorly drained soilsassociated
with wetlands and are found along streams and creeks.

The soil-test pits revealed that all soilsin the proposed
spray areas were deep, well-drained Glenelg soils. Soil-profile
descriptionswere prepared for each test pit and are published in
the permit report (Woodward-Clyde, 1995). The proposed
spray-field delineation was designed to avoid areas where the
evaluation of the test pit revealed restricted drainage, as repre-
sented by redoximorphic features (soil-drainage mottles),
within 40 in. of the ground surface. Areas of the site with drain-
age problems, such as wetlands, were not subject to the detailed
soilsevaluation. Although the soil-survey mapsdid not indicate
the presence of any hydric soils, wetland vegetation at the base
of the side slope near the area of the berm and flume indicates
these soils are present on the site.

Hydrogeology

The spray-irrigation site has two distinct aquifer sys-
tems—a bedrock system and a shallow (unconsolidated mate-
rial or saprolite) system. The bedrock-aquifer system is com-
posed of crystalline rocks of the Setters Formation and
amphibolite facies felsic gneiss. On the site, the Setters Forma:
tion/felsic gneiss geologic contact lies just north of the water-
shed. Geologic logs from wells drilled onsite indicated the Set-
ters Formation waslessthan 5 ft thick on the southern hilltop of
the watershed where it was thickest. All bedrock wells were
screened in the felsic gneiss. Ground water flows through inter-
connecting fracturesin the crystalline rocks that havelittle stor-
age. A 12-hour aquifer test by consultants for the New Garden
Sewer Authority indicated the bedrock-aquifer system on the
site to be anisotropic with hydraulic conductivity greater along
an east-west trend (Woodward-Clyde, 1996). Deeper water-
bearing zones are under higher hydrostatic pressures and are
confined. For example, abedrock well was drilled to a depth of
200 ft, and a water-bearing zone was encountered at 175 ft
below land surface. Water-level atitudes in the bedrock wells
consistently were higher than the water-level atitudesin the
shallow wells completed in unconsolidated material, indicating
semi-confined or confined conditions occur with depth.
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Figure 3.
Chester County, Pennsylvania.

The shallow-aquifer system is composed of sand with
some clay and rock fragments. Ground water flowsthrough and
is stored in intergranular openings in the saturated zone of the
unconsolidated sand. The shallow aquifer is a water-table sys-
tem. The thickness of the unconsolidated material ranged from
27 to 62 ft. A stratigraphic software package was used to esti-
mate the thickness of the unconsolidated material acrossthesite
(fig. 4). Inthe eastern part of the spray fields, bedrock isapprox-
imately 30 ft below land surface, and in the western part of the
site, bedrock is approximately 55 ft below land surface.

Geologic logs collected during well drilling indicated the
unconsolidated materials on the eastern part of the site are uni-
formwithlittle clay content. Clay content of the unconsolidated
material increased in the western part of the spray fields. The
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Locations of soil borings and soil-test pits, New Garden Township spray-irrigation site,

increase in clay content restricts the rates of water infiltration
and ground-water flow in those areas.

Vegetation

Typically, specific vegetative covers are required for
spray-irrigation sites. Prior to effluent application, herbicide,
used tokill al undesirable species, was applied to the part of the
site deemed suitablefor effluent application. Orchard grasswas
planted in 1998 in order to get it established prior to theinitia-
tion of spray irrigation in 1999. V egetative cover at the begin-
ning of effluent application in 1999 was primarily orchard
grass, however, weed species, such as thistle, poison ivy, clo-
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Figure 4. Estimated thickness of unconsolidated material on west-east and north-south trending geo-

logic sections, New Garden Township spray-irrigatio

ver, horse nettle, and others, had invaded the site by late sum-
mer 1999. During the study period, the predominant vegetation
in the study areawas orchard grass. There was also approxi-
mately 1-2 acres of alfalfain the western edge of spray field 2
and the eastern edge of spray field 4 (plate 1) throughout the
study period. The perimeter of the study area outside of the
spray fields was covered with trees that were either planted or
allowed to regrow from a past clearing of the land.

Historical Land Use

The historical land-use information was obtained from
conversations with a previous land owner. Prior to use as a
spray-irrigation site, theland wasused primarily for agriculture.

n site, Chester County, Pennsylvania.

The site was used for mushroom production from the 1920s to
thelate 1980s. A common problem at mushroom facilitiesisthe
disposal of spent mushroom substrate. Some spent mushroom
substrate was deposited onsite. The buildings used for mush-
room production were removed prior to construction of the
spray fieldsin 1998. The site also was used for cattle and crop
production. Dairy cattle were present in the 1920s, and beef cat-
tle were present for ashort timein the 1950s. Potatoes and peas
were produced from the 1920s to 1950. Following 1950, agri-
cultural land (outside of the buildings used for mushroom pro-
duction) was used for pasture and hay. The pond within the
study areawas constructed in the early 1950s. The pond was not
lined during construction because springs discharge directly
into the pond.
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Standard Facility Operations

The siteis permitted for the use of six spray fieldsthat are
each designed to be about 9 acresin size (plate 1). Currently
(2004), five of the six spray fields (Spray fields 1, 2, 3, 4,
and 5) are constructed and operating. Each field is permitted for
50,000 gal/d capacity of applied effluent averaged over 7 days.
Thefields are equipped with fixed spray heads spaced approxi-
mately 100 ft apart. Permitted hydraulic-loading rates vary
throughout the year from 0.5 to 2.5 in/acre per week (table 1).
Applications are not alowed on frozen soil or during prolonged
heavy rainfall. Effluent may not be applied if more than 0.5in.
of rain fell during the previous 24-hour period.

Methods of Investigation

Variousfield and analytical methods were used during the
study. To determine the effects the spray-irrigated effluent may
have on ground-water and surface-water quantity, a monthly
water-budget approach was developed and used. Also, annual
water budgets were determined for the 38-acre watershed and
for the watershed upstream of the USGS streamflow-gaging
station Red Clay Creek near Kennett Square, Pa., and were
compared to assess the effects the spray-irrigated effluent may
have on surface-water quantity. Monthly water samples were
collected and analyzed to determine the effects the spray-irri-
gated effluent may have on ground-water and surface-water
quality. A seasona N budget was developed and used to deter-
mine the effects the spray-irrigated effluent may have on the
fate and transport of N in the subbasin of the watershed.

Table 1. Monthly permitted hydraulic-loading rates for New Gar-
den Township spray-irrigation site, Chester County, Pennsylvania.

Hydraulic-loading rates

(inches per acre Months
per week)'
0.5 January, February, December
15 March, April
1.75 November
20 May, October
25 June, July, August, September

1Pennsylvania Department of Environmental Protection, Water Quality
Management Permit 1596417, issued April 1997.

Assessing Effects of Spray-Iirigated Effluent on
Water Quantity

To assess the effects spray-irrigated effluent had on water
guantity in the watershed, a monthly and annual water-budget
approach was devel oped and used. The amount of water coming
into the watershed must equal the amount of water leaving and
being added and rel eased from storage in the watershed. Water-
budget parameters, such as the amount of precipitation and
effluent that evaporates, transpires, percolates as recharge, and
runs off as streamflow, needed to be quantified.

Monthly Water Budget

A water budget requires water inputs equal the outputs
from the watershed plus or minus changesin storage. I nputsfor
the monthly water budget are precipitation (P) and applied
effluent (APP). Outputs are evapotranspiration (ET), stream-
flow (SF), and ground-water underflow (UF). Storagetermsare
changesin ground-water storage (AGW) and soil-moisture stor-
age (ASM). Output of evaporation off the free water surface
from the pond and changein storage of the pond were combined
into an APD term. Locations of the precipitation gage, micro-
meteorological station, streamflow-gaging station, monitor
wells, soil-moisture probes, and pond stage recorder are shown
inplate 1.

The monthly water-budget equation is given as equation 1
below. Because al variables except evapotranspiration are
measurable quantities or can be estimated, equation 1 isre-
arranged to solve for evapotranspiration (eg. 2). The resulting
evapotranspiration estimate includes all the combined error val-
ues that occur in measuring or estimating the other variablesin
the monthly water-budget equation. As a check of the monthly
values of evapotranspiration derived from the water-budget cal-
culation, estimates of crop-referenced evapotranspiration were
determined at the site by measuring certain meteorological vari-
ables and using the Penman-M onteith equation (Smith and oth-
ers, 1992). The monthly water-budget equation is

P+ APP = ET + SF + UF + APD + AGW + ASM, (1)

ET = P+ APP-SF-UF -APD-AGW -ASM, (2)

where
P is precipitation, in inches;
APP is spray-irrigated effluent, ininches;
ET is evapotranspiration, in inches;
SE is streamflow, in inches;
UF is ground-water underflow, in inches;
APD isfree water surface evaporation and change
in pond storage, in inches;
AGW ischangein ground-water storage, ininches;
and
ASM is change in unsaturated-zone soil-moisture

storage, in inches.



Precipitation

A vibrating-wire precipitation gage was installed to mea-
sure precipitation (P). The precipitation gage was in the water-
shed but outside the application area and did not measure any
applied effluent (plate 1). Precipitation was measured and
recorded every 15 minutes, and daily totals were cal cul ated.
Prior to installation of the onsite precipitation gage (April 1998
through June 1999), a combination of precipitation data from
USGS station, Trout Run at Avondale, Pa., and National Oce-
anic and Atmospheric Administration (NOAA) climatic data
from Newark, Del., were used to determine precipitation totals.

Applied Effluent

The volume of spray-irrigated effluent (APP) was
measured by New Garden Township Sewer Authority and
reported to USGS. The effluent is pumped from the sewage-
treatment facility about 0.5 mi south of the spray fields. Pumped
effluent flows to a manifold and is distributed to each spray
field. Manual valves were opened and closed to direct effluent
to the different spray fields on the basis of the operational plan
for the facility.

New Garden Township provided total s of effluent volumes
that were treated at the plant and pumped to the spray fields.
Effluent volumes were provided from June 1999 through
December 2001. Data were initially reported by indicating the
total volume applied on adaily basis and the spray fields that
received the effluent. Thislevel of reporting continued through
2000. Data provided for 2001 weretotalsfor all the spray fields
combined with no reliable information available asto which
fields were receiving the effluent. Therefore, the method to
determine total volume applied by spray field changed during
the course of the study. Even though this change made it more
difficult to determine the total volume by spray field, it did not
compromise the data.

Pressure transducers were installed in-line of the piping
system for three of the spray fields (spray fields 1, 2, and 3)
(plate 1) in order to determine the amount of effluent applied to
these spray fields. These transducers were installed in each
spray field as close to the manifold distribution system as pos-
sible. New Garden Township had installed anal og pressure sen-
sorsin each spray field at locations close to the manifold, and
the pressure transducers were installed with these anal og sen-
sors. Data loggers attached to the pressure transducers were
programmed to output and store data when there was a change
in pressure of 1 psi (pounds per square inch) over 1 minute.

The original study design was based on the premise that
spray fields 4 and 5 would not be used during the study; how-
ever, thiswas not the case because of operational necessities.
One pressure sensor wasinstalled in spray field 4 after it was
realized that the fields were going to be used, but the 100 psi
limit of the transducer was exceeded because of operational
testing. This testing destroyed the sensor, and it was never
replaced.

Using the total effluent application data received from
New Garden Township from 1999 through 2000, the pressure-
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transducer data from each field were summed on adaily basis
in order to determine the volume of effluent applied to each
spray field. That is, it was necessary to sum the values of (pres-
sure x time) in each spray field, then proportionally distribute
the applied effluent volumefor that day. For each day and spray
field, thetimeinterval (in minutes) was multiplied by the pres-
sure (in pounds per square inch) for that timeinterval, yielding
a (pressure x time) value for each interval. The intervals for
each day and spray field were summed to yield daily values of
(pressure x time) for each spray field. These daily summed val-
ues for spray fields 1, 2, and 3 were added together. The
summed value for each spray field was divided by the summed
valuefor all spray fieldsto determinethe percentage of thetotal
effluent applied to each spray field. This percentage was then
multiplied by the total volume (as reported by New Garden
Township) to determine the total volume of effluent applied to
each spray field.

From 1999 through 2000, there was an occasional mal-
function with one of the pressure transducersin spray fields 1,
2, and 3. When this malfunction occurred, it was necessary to
verify which spray fields were receiving effluent. A review of
the data collected during effluent application indicated that the
ratio (EFFRAT) of total effluent applied to the summed values
of (pressure x time) for spray fields 1, 2, and 3 was fairly con-
sistent depending on how many fields were receiving effluent.
If effluent was distributed to two fields, EFFRAT was higher
than if three fields were active.

Beginning in 2001, it was necessary to use the EFFRAT
values, along with the actual pressure-sensor data from the dif-
ferent spray fields, to determine which spray fields were receiv-
ing effluent and the volumes for each field. The daily effluent
application ratesreceived from New Garden Township for 2001
were summed to produce weekly totals. This was necessary
because pressure-sensor data did not always match the days
effluent was applied (according to datareceived from New Gar-
den Township). Therefore, the daily datafrom New Garden
Township was reviewed and a good relation between weekly
totals from New Garden Township and pressure-sensor data
was apparent. Using an iterative approach, daily application
rates to each spray field were estimated. Although there was
likely some error involved in producing the daily application
rates to each field, the weekly summed application rates for
each field were more robust.

An additional problem with 2001 data occurred if one of
the pressure sensorsin spray fields 1, 2, and 3 malfunctioned.
There were about 50 daysin 2001 when one of the sensorswas
not working properly. When this problem occurred, EFFRAT
valueswere reviewed to determine how many spray fieldswere
active. Field notes were reviewed to determine which spray
fieldswerevisualy identified as active during the period when
one of the pressure sensors was malfunctioning. Finally, it was
also apparent through review of data with all sensors working
properly, that if spray field 1 was active, spray field 2 was typ-
ically active. Spray field 3 was used less frequently because of
its close proximity to Baltimore Pike. The operational relation
between the fieldswasonly used in afew instanceswhen it was
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not clear whether spray fields 1,2, or 3 were active, or whether
spray fields4 and 5 were active. When all pressure sensorswere
working properly, EFFRAT helped to identify when spray
fields4 and 5 were active.

Streamflow

In April 1998, a 36- by 24-in. steel-plate weir wasin-
stalled in the stream near the outlet of the watershed to provide
acontrol for measuring stream stage. The weir opening was a
1-ft deep 90° v-notch. A 6-in. PV C stilling well wasinstalled in
the weir pool and was equipped with a shaft encoder float
system to measure stream stage. A datalogger recorded stream
stage every 15 minutes. A stage-streamflow relation was
established to determine the volume of streamflow leaving the
watershed on the basis of standard USGS methods (Rantz and
others, 1982). On January 15, 1999, the weir was washed out
during astorm. On April 28, 1999, a second weir wasinstalled
at the same location. The second weir was constructed of
plywood with the 1-ft deep 90° v-notch stedl plate attached.
Thisnew design allowed flows above 2.5 ft%/sto be determined
because the plywood acted asarectangular weir with awidth of
10 ft. Streamflow from January 15 to April 28, 1999, was
estimated using USGS hydrographic comparison methods
(Rantz and others, 1982).

Hydrograph separation using the local minimum method
(Pettyjohn and Henning, 1979) was done on streamflow data
collected at theweir and from the USGS streamflow-gaging sta-
tion (01479820) Red Clay Creek near Kennett Square using the
computer program HY SEP (Sloto and Crouse, 1996) to deter-
mine the base-flow component of streamflow at each site. The
base-flow component of streamflow was used in determining
the amount of recharge to the 38-acre watershed and to the
watershed upstream from Red Clay Creek near Kennett Square.

Ground-Water Underflow

Ground-water underflow from the site was suspected to be
amajor output because of the small areal size of the watershed
and the thick and transmissive shallow aquifer. The underflow
is ground water that is not being captured as base flow leaving
the watershed at the weir location (fig. 5, cross-section B).
McGuinness and others (1961), in a study investigating arela
tion between watershed drainage-area size and average annual
streamflow in central Ohio, observed that average annual
streamflow increased by about 60 percent as drainage-areasize
increased from 30 to 1,000 acres. They attributed the increased
annual streamflow in the larger watersheds (1,000 acres) to the
stream channel cutting deeper into the geologic column and
capturing more ground water.

Heebner and Toran (2000), in evaluating a sensitivity
analysis of a 3-dimensional ground-water-flow model for the
study site and the associated effects of the irrigation on ground-
water mounding, found if values of hydraulic conductivity
assigned to the unconsolidated zone (shallow aquifer) were
greater than 82 ft/d (25 m/d), horizontal ground-water flow was
dominant. Because of the dominant horizontal-flow directions,

water-level mounding onsite was negligible at application rates
ranging from 0.28 to 7.0 in/d. At the higher values of hydraulic
conductivity (greater than 82 ft/d), they found that less water
was discharged to the stream because water levels were low
enough so that water exited the watershed by way of ground-
water underflow. At lower hydraulic conductivities between
3.28 and 82 ft/d, they reported that water-level mounding did
occur at the high irrigation rates and, conseguently, more water
was discharged to the stream. However, ground-water
underflow losses still occurred because not all the water was
captured by the headwater stream.

Darcy’s equation below for ground-water flow through
porous mediawas used to determine an average monthly loss of
ground water not captured by the stream.

Q=KA(dh/d) (3)
where
Q isvolume, in cubic feet per day;
K is hydraulic conductivity, in feet per day;
A is cross-sectional area, in square feet;
and

dh/dl is hydraulic gradient.

A small cross-sectional area of shallow aquifer northeast
of the weir (cross-section A) was used in Darcy’s equation as
the areain which underflow is occurring (fig. 5). An average
head (water-level) gradient from the valley-bottom area near
wells Ch-5177 and Ch-5181 was used in the analysis. Also, the
linear distance from wells Ch-5177 and Ch-5181 to the small
cross-sectiona area was determined. The estimate used for
hydraulic conductivity of the shallow aquifer was 10 ft/d. The
hydraulic conductivity used in the equation was based on the
model by Heebner and Toran (2000), a 12-hour aquifer test
donein abedrock well onsite, that assumed the hydraulic con-
ductivity of the shallow aquifer is slightly greater than the
hydraulic conductivity of the bedrock aquifer. Woodward-
Clyde (1996) estimated the hydraulic conductivity of the bed-
rock to be 4 ft/d. Substituting these parameters into Darcy’s
equation for ground-water flow, an estimate of ground-water
underflow losswas cal culated for the study period. To represent
thislosson amonthly basis, theloss during the study period was
prorated according to the monthly base flow. Therefore, the
magnitude in monthly underflow losses would increase and
decrease dependent on the magnitude of increase and decrease
in monthly base flow.

Pond Storage

Two factors relating to the pond in the monthly water-
budget determination are direct evaporation from the free water
surface of the pond and changesin pond storage. Daily open pan
evaporation averages for May through October inclusive from
the Landisville, Pa.,, NOAA station were used in determining
direct evaporation from the pond (Pennsylvania State Univer-
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sity, College of Earth and Mineral Science, 2003). The open pan
evaporation daily averages were multiplied by 0.78 to convert
to free water surface evaporation (Farnsworth and Thompson,
1982). The surface area of the pond was digitized from maps
and the area determined using a geographic information system
(GIS). The pond areawas multiplied by the adjusted daily evap-
oration averages and summed for each month. The monthly
totals were then normalized to the watershed area.

A 4-in. PVC tilling well was installed in the pond and
equipped with a shaft encoder float system and data logger to
measure and record pond stage every 15 minutes. Pond stage
recorded on the first day of a month was subtracted from the
pond stage recorded on thefirst day of the previous month; the
resulting difference was multiplied by the surface area of the
pond to give the change in the volume of pond storage per
month. The volume was then normalized to the watershed area.
However, minimal amounts of water were stored in the pond
because the pond had been breached, which allowed for con-
stant outflow of water. All outflow from the pond flowed into
the stream above the weir location. During large storm events,
the pond did store water, but the stored water usually was
released afew days after the storm. The delayed release of
stored storm water from the pond had no effect on the monthly
water-budget results.

Ground-Water Storage

A network of 14 wells was drilled to measure ground-
water levels(plate 1). Ten wellswere within the watershed, and
four control wells were outside the watershed. The 10 wellsin
the watershed were along several transects parallel to the con-
ceptual ground-water-flow paths. Ground-water flow isfrom
the hilltop, the conceptual recharge area, to the valley bottom,
the conceptual discharge area.

Nested well pairswere constructed consisting of ashallow
well completed in the unconsolidated material and a deep well
drilled into the bedrock and screened at the first water-bearing
zone. Downhole pressure transducers and data loggers that
measured and recorded water-level data hourly were installed.
Monitor-well construction characteristics are summarized in
table 2.

The amount of precipitation and applied effluent that per-
colates asrecharge and is either stored or released from the shal -
low- and bedrock-aquifer systems must be estimated. To make
this estimate, it was assumed that changesin ground-water stor-
agein the bedrock aquifer were negligible compared to the stor-
age changes in the shallow aguifer because the unconsolidated
material has much higher porosity than the bedrock aquifer and
water-table fluctuations occurred in the unconsolidated mate-
rial. Therefore, the reported estimates of changes in ground-
water storagein the monthly water-budget resultsare only from
the analysis of ground-water data from the shallow aquifer.

Estimates of monthly ground-water storage were based on
the specific yield of the shallow aquifer, topographical setting,
and the areas of application in the watershed. Specific yield is
defined as the volume of water that an unconfined aquifer

Table 2. Summary of monitor-well construction characteristics,
New Garden Township spray-irrigation site, Chester County, Penn-
sylvania.

[Locations of monitor wells are shown on plate 1]

U.S.Geological Well Approxi-
Screened .
Survey depth . Casing mate
. interval . .
monitor-well (feet below diameter yield
S (feetbelow .
identification land (inches) (gallons
land surface) .
number surface) per minute)
Ch-5172 125 96.5-121.5 4 2
Ch-5173 62 42-62 2 5
Ch-5174 99.4 79-99 4 1
Ch-5175 56.5 36.5-56.5 2 5
Ch-5176 89 69-89 4 2
Ch-5177 35 23-33 2 2
Ch-5178 89.9 69-89 4 1
Ch-5179 39 24-39 2 5
1ch-5180 32 20-30 4 2
Ch-5181 40 3040 4 5
2Ch-5182 195 165-195 4 5
2Ch-5183 90 7090 4 10
2Ch-5721 101 91-101 2 1
2Ch-5722 42 2542 2 5

1ch-5180 was dry during some time intervals.
2Control well.

releases from storage per unit surface area of aquifer per unit
declinein the water table (Freeze and Cherry, 1979, p. 61).
Olmsted and Hely (1962, p. A-16) present a method for deter-
mining thelong-term gravity yield, which isapproximate to the
specific yield, of rocks or soilsin the Brandywine Creek water-
shed. The method estimatesthe specific yield by calculating the
ratio of ground-water discharge of awinter-time recession
period to the change in ground-water levels over the corre-
sponding time period. Theoretically, the analysisis to be done
during periods of no evapotranspiration and no recharge to the
ground-water system. These ideal conditions seldom, if ever,
occur (Olmsted and Hely, 1962, p. A-16). However, the base-
flow recession curve for winter represents conditions when the
evapotranspiration loss from ground water is relatively small
(Olmsted and Hely, 1962, p. A-16).

For the analysis of specific yield, the 38-acre watershed
was divided on the basis of topographic setting and application
areainto eight areal ground-water storage sub-units (fig. 6,
table 3). Because fluctuations in ground-water levels are the
greatest in hilltop areas and the least in valley-bottom areas,
ground-water storage was determined for each sub-unit areaon
the basis of ground-water-level data associated with that sub-
unit area. Also, ground-water levelsin areaswhere effluent was
applied had larger fluctuations than areas outside the applica-
tion area because of the additional recharge. The resulting
ground-water fluctuations for each ground-water storage sub-
unit areawere normalized to the total watershed area. The total
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the monthly ground-water storage analysis, New Garden Township spray-irrigation site, Chester
County, Pennsylvania.

Table 3. Ground-water storage sub-unit areas used to determine watershed specific yield, New Garden
Township spray-irrigation site, Chester County, Pennsylvania.

[Ground-water storage sub-unit areas are shown on figure 6]

Ground-water storage Topographical Area Areal weighted Effl licati
sub-unit area number setting (square feet) percentage uent application
2 Hilltop 150,100 8.9 Applied
4 Hillside 196,200 117 Applied
6 Valley bottom 353,200 21.0 Not applied

8 Hillside 163,600 9.7 Applied

9 Hilltop 107,400 6.4 Applied
10 Valley bottom 95,500 5.7 Not applied
200 Hilltop 473,200 28.2 Not applied
400 Hillside 141,100 8.4 Not applied
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base flow and underflow over the winter-time recession periods
were divided by the average weighted ground-water-level fluc-
tuations and the quotient was the specific yield. Three winter-
time recession periods were used in determining the specific
yield of the shallow aquifer. The averaged specific yield (0.17)
from these periods was used in the analysis.

To determine monthly ground-water storage, the same
ground-water storage sub-unit areas and associated weighting
factors were used as in the determination of specific yield.
Ground-water levels recorded on the first day of amonth in
monitor wellsfor each ground-water storage sub-unit areawere
subtracted from the ground-water levels recorded on the first
day of the previous month. Monitor-well locations in which
water-level datawere used in the analysis and associated
ground-water storage sub-unit area are shown in figure 6. For
ground-water storage sub-unit 200, water-level data from mon-
itor well Ch-5183 were used in the analysis and for ground-
water storage sub-unit 400, water-level datafromwell Ch-5722
were used in the analysis (plate 1). Ground-water levels had to
be estimated during some periods because of equipment failure.
Thelevelswere estimated by use of the hydrograph comparison
method. The differences in monthly ground-water levels were
multiplied by the area of each sub-unit to obtain avolume. The
resulting volumes were multiplied by the specific yield and the
corresponding sub-unit weighting factor, which yielded an
areal-weighted volume. These areal-weighted volumesfor each
sub-unit area were totaled to yield monthly change in ground-
water storage.

Table 4.
Chester County, Pennsylvania.

[Soil-water storage sub-unit areas are shown on figure 7]
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Soil-Moisture Storage

A network of 14 time domain reflectometer (TDR) soil-
moisture probes (plate 1) was installed to measure volumetric
soil-moisture content of the unsaturated zone. Two soil-mois-
ture probes were installed at seven locations. Shallow probes
were installed approximately 16 to 22 in. below the land sur-
face. Data from these probes represent volumetric soil content
in the root zone. Deep probes were installed approximately 38
to 42 in. below the land surface. Data from these probes repre-
sent volumetric soil content of the upper part of the unsaturated
soil zone below the root zone. The bottom of the unsaturated
soil zone is the water table, where the soil isfully saturated.
Depths of installation and soil horizon for soil-moisture probes
aresummarized intable 4. Mean daily percent soil moisturewas
computed from hourly soil-moisture readings.

Soil-moisture probes were calibrated to field conditions.
Calibration curves that converted sensor output to percent soil
moi sturewere devel oped. Thevolume of water stored in the soil
was estimated from the percent soil-moisture data. To deter-
minethe amount of water stored in the unsaturated-soil zone per
month, the volume of unsaturated soil had to be estimated. The
volume of the unsaturated-soil zone was dynamic because of
the fluctuating water table—as water levelsrose, less of the
unsaturated-soil zone was available to store water, and aswater
levelsdeclined, more of the unsaturated-soil zonewasavailable
to store water.

Installation depths of soil-moisture probes, New Garden Township spray-irrigation site,

Soil-wate_r storage Soil-moi_sture_ _ _ Depth of installation Soil horizon
sub-unit area probe local identifier  (inches below land surface)

2 SM-01S 20 Middle root zone
SM-01D 39 Below root zone
9 SM-09S 19 Middle root zone
SM-09D 40 Below root zone
4 SM-04S 20 Middle root zone
SM-04D 40 Below root zone
8 SM-07S 22 Middle root zone
SM-07D 40 Below root zone
6 SM-06S 18 Middle root zone
SM-06D 36 Below root zone
10 SM-10S 21 Middle root zone
SM-10D 36 Below root zone
lcsm-o1s 20 Middle root zone
1csm-01D 40 Below root zone

150il-moisture probes were outside the study watershed. Locations of probes are shown in plate 1.



Calibration of Soil-Moisture Probes

Three sets of soil-moisture samples were collected to cali-
brate the soil-moisture probes. On June 5 and July 6, 2001, and
January 25, 2002, soil samples were collected at depths and
locations near the installed probes. A 12-in. long by 1-in. diam-
eter core-sampling barrel was hammered into the soil to adepth
just abovethesampling interval. Thiscorewasdiscarded. Then,
a soil sample was collected in that hole approximately 3in.
aboveto 3in. below thelocation of the soil-moisture probe. The
sampling procedure was repeated next to thefirst hole. For each
of the 14 probe locations, two soil cores were composited and
placed into apre-weighed glassjar.

Soil-moisture samples and the jars were weighed, placed
in an oven at 100°C for 24 hours, cooled, and weighed again.
The difference between the weight of the soil samples before
and after drying was divided by the dry soil massto yield the
gravimetric soil-water content (eg. 4).

Gravimetric soil-water content =
(wet soil mass—dry soil mass) / dry soil mass (4

Soil-moisture probes measured volumetric soil-water con-
tent not gravimetric soil-water content. Therefore, to be useful
for calibrating the TDR probes, the gravimetric soil-water con-
tent determined from core samples had to be multiplied by the
soil-bulk density (see “Solid-Soil Nitrogen Storage,” p. 76) to
determine volumetric soil-water content (eq. 5). Soil-bulk den-
sity was determined as part of the N fate and transport compo-
nent of the study.

EXPLANATION

SUB-UNIT AREAAND .
2 IDENTIFICATION NUMBER
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(Gravimetric soil-water content) (soil-bulk density) =
volumeteric soil-water content 5)

Once the volumetric soil-water content was determined,
comparisons were made between percent soil moisture of the
collected samples and the TDR output, which was converted to
percent soil moisture using standard calibration curves supplied
by the manufacturer. Calibration curves were developed to
convert TDR sensor output to the field-verified percent soil
moisture.

Volumetric Unsaturated Soil-Water-Storage Determination

The watershed was divided into eight soil-water storage
sub-unit areas (fig. 7) that differed dightly from the sub-unit
areas used in the analysis of specific yield and ground-water
storage. These sub-unit areas were based on topographic set-
ting, application area, and the thickness of the underlying
unconsolidated material. Two soil-moisture probes were in
each sub-unit area except for sub-unit areas 44 and 100 (fig. 7).
Sub-unit area 44 was part of spray field 4, where effluent was
applied intermittently throughout the study for equipment test-
ing. However, the contribution of effluent to the watershed was
considered negligible. Sub-unit area 100 was the part of the
watershed outside the application fields. Because the amount of
effluent applied to sub-unit area 44 was negligible, sub-unit
areas 44 and 100 were combined for the analysis of soil-mois-
ture storage. Total surface areafor each sub-unit was deter-
mined using aGIS (table 5).

In each soil-water storage sub-unit area, the unconsoli-
dated material was divided vertically into aroot-zone layer and

Figure 7. Locations of the
soil-water storage sub-unit
areas and soil-moisture
probes used in the monthly
volumetric soil-moisture

_gM_OTs—f ..... SM-09D storage analysis, New Gar-
~~~~~~~~ — WATERSHED BOUNDARY - i sp irri
A SM-01D 0 500 FEET den Township spray-irriga-
< S?g_él\//i%ISLL/J&%PROBE I . ! tion site, Chester County,
0 150 METERS

LOCAL IDENTIFIER

Pennsylvania.
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Table 5. Total surface area of soil-water storage sub-unit areas
used to determine volumetric soil-water content of the unsaturat-
ed zone, New Garden Township spray-irrigation site, Chester
County, Pennsylvania.

[Soil-water storage sub-unit areas are shown on figure 7]

Soil-water Area
storage sub-  Topographical setting

unit area Square feet  Acres
2 Hilltop 83,000 1.90

9 Hilltop 96,600 221

4 Hillside 281,000 6.45

8 Hillside 135,800 311

6 Valley bottom 73,300 1.68

10 Valley bottom 59,200 1.36

a4 Hilltop 168,600 3.87

100 Hilltop, hillside, andvalley 782,600 18.0

bottom

an unsaturated-soil layer. The root-zone layer was defined as
being from the land surface to a depth of 2.5 ft below land sur-
face, which was the depth midway between the shallow and
deep soil-moisture probes. The unsaturated-soil layer was
defined as being from 2.5 ft below land surface to the top of the
water table.

The volume of soil in the root zone and the unsaturated-
soil layer for each soil-water storage sub-unit area was deter-
mined on amonthly basis. The volume of soil in the root zone
was constant in each sub-unit area and was determined by mul-
tiplying sub-unit surface area by 2.5 ft, the thickness of the root
zone. The volume of soil in the unsaturated-soil layer was
dynamic because of changesin the water table, which changed
the thickness of the unsaturated soil layer. The unsaturated-soil
layer became thicker as the water table lowered and thinner as
the water table rose.

The volume of the unsaturated-soil layer was determined
on the basis of ground-water-level datain monitor wells com-
pleted in the shallow aquifer. Monitor wells were located in
each soil-water storage sub-unit area except sub-units 44 and
100. Ground-water-level data from monitor wells Ch-5183
(control area 2) and Ch-5722 (control area 1) (plate 1) were
used in the analysis for these soil-water storage sub-unit areas.
Because monitor wells were not located throughout the water-
shed and in order to complete the areal coverage of water-level
data over the entire watershed, water-level data from awell
installed prior to the study (Ch-4809) and a monitor well
installed during the study by the New Garden Township Sewer
Authority (NG-6) were added to the data set. Also, water-level
datawere estimated at six |ocations al ong the boundary and two
locations within the watershed. Ground-water-level datawere
estimated at these eight locations on the basis of topographic
settings and ground-water-level datafrom wells Ch-5183 and
Ch-5722 (plate 1). Data points used in the analysis, except for
control wells, are shown in figure 8.
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spray-irrigation site, Chester
County, Pennsylvania.



Thickness of the unsaturated-soil layer varied across the
watershed because of water-level fluctuations. The method
used to determine the thickness of the unsaturated-soil layer
was based on determining the maximum and minimum water
levels during the study period. To determine the maximum
thickness of the unsaturated-soil layer, the lowest water-level
altitudes for each soil-water storage sub-unit area were com-
piled. These water-level altitudes along with surface topo-
graphic atitudes, minus 2.5 ft for the root zone, were entered
into a spatially oriented stratigraphic software package. Sub-
tracting the water-level atitudes from the bottom of the root-
zone dtitudes resulted in the thickness of the unsaturated-soil
layer. Thickness of the capillary fringe at the unsaturated zone/
water-table interface was assumed to be negligible. Lines of
equal unsaturated zonethickness, or isopach contour lines, were
constructed. These contours represented the maximum thick-
ness of the unsaturated-soil layer in the watershed during the
study period (fig. 9A). To determine the minimum thickness of
the unsaturated-soil layer for the watershed, the highest water-
level altitudes for each soil-water storage sub-unit areawere
compiled. The same process was used to compute lines of equal
thickness from this data set. These contours represented the
minimum thickness of the unsaturated-soil layer in the water-
shed during the study period (fig. 9B).

Oncetheisopach mapswere constructed, aspatial analysis
was done using aGl Sto determine average thicknessesfor each
sub-unit area based on the maximum and minimum thicknesses
and water levels. For example, the maximum thickness for sub-
unit area4 isshowninfigure 10. The corresponding water level
was 21.94 ft below land surface in monitor well Ch-5175
(347.46 ft above NGV D 29). Thickness was assigned to zones
between the contour lines. These zones combined with sub-unit
boundaries created polygons. To determine the average thick-
ness, the thickness of each polygon was weighted by multiply-
ing by the percentage of the polygon surface areain the sub-unit
(table 6) to yield aweighted thickness for each polygon. The
weighted thicknesses were summed to obtain the average thick-
ness for the sub-unit area (table 6). Therefore, for awater level
21.94 ft below land surface in sub-unit area 4, the calculated
average thickness of the unsaturated-soil layer was 24.4 ft. The
same analysis was done for the minimum thicknesses and the
corresponding water level. The lowest and highest water levels
for each sub-unit area were plotted against the corresponding
maximum and minimum unsaturated-soil thicknesses. Therela-
tion is assumed linear, and an equation for a straight line was
determined. Thus, substituting the monthly water levelsinto the
equation, which will always be between the lowest and highest
water levels, yielded the average thickness for the month.

Once monthly average thicknesses were determined, the
volumetric soil-water content in the root zone and in the unsat-
urated-soil layer were estimated for each sub-unit areaon a
monthly basis. To determine volumetric soil-water content of
the root-zone layer, root-zone volumes were multiplied by the
percent volumetric soil moisture measured by shallow TDR
probes on the first day of the month.
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Table 6. Assigned thickness of unsaturated-soil layer and poly-
gon areas used to determine the weighted thickness for sub-unit
area 4, New Garden Township spray-irrigation site, Chester Coun-
ty, Pennsylvania.

A§signed Polygon area W_eighted
thickness thickness
(feet) (square feet) (feet)
13 700 0.03
15 11,900 .64
17 22,000 13
19 28,900 20
21 33,400 25
23 37,900 31
25 31,600 2.8
27 34,400 33
29 33,800 35
31 24,800 27
33 15,600 18
34 6,000 73
Total 281,000
Average thickness 244

To determine volumetric soil-water content in the unsatur-
ated-soil layer below the root zone to the top of the water table,
the following method was devel oped. Because soil moisture
increases from below the root zone to total soil saturation at the
water table, percent soil moisture at total saturation had to be
estimated. The percent soil moisture at total saturation for hill-
top, hillside, and valley-bottom areas was estimated from bulk-
density values determined from soil samples collected and
using aparticle density of 2.6 g/cm3 for al samples (Brady,
1974, p. 50). The estimated percentagesfor hilltop, hillside, and
valley-bottom areas were 43, 36, and 38 percent, respectively.

Theincrease in soil moisture from below the root zone to
the top of the water table was assumed to be linear. The
volumetric soil-water content throughout the soil profile was
determined per vertical 1-ft increments for each soil-water
storage sub-unit areafrom 2.5 ft bel ow land surface down to the
monthly average thicknesses, which represented the top of the
water table. The percent soil moisture measured by the deep
TDR probes on thefirst day of the month was used in the 1-ft
interval from 2.5 to 3.5 ft. Then, the percent soil moisture was
increased incrementally per vertical foot from the measured
percentage to the total saturation percentage. For example, the
monthly average thickness of hillside sub-unit area 8 was
10.3 ft and the percent soil moisture measured by the deep TDR
probe was 22 percent. The difference between total saturation
percent (36) and the measured soil-moisture percentage (22)
is 14 percent. Therefore, percent soil moisture was increased
incrementally per vertical foot by 1.36 percent (equal to
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Figure 9. Maximum (A) and minimum thickness (B) of unsaturated-soil layer, New Garden
Township spray-irrigation site, Chester County, Pennsylvania.
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14 percent divided by 10.3 ft) from 3.5 ft below land surface to
10.3 ft. Thetotal surface area of sub-unit area8 was multiplied
by the per foot volumetric soil water content, which resulted in
the water volume for each foot of unsaturated soil. The sum of
these 1-ft incremental volumetric soil-water quantities yielded
the volume of water in the unsaturated-soil layer.

Water volumes for the root zone and the unsaturated-soil
layer were summed for all sub-unit areasto yield total volumet-
ric water content stored in the soil during a month. Total soil-
water content was normalized to the watershed area and the
monthly change in soil-moisture content was cal cul ated.

Crop-Referenced Evapotranspiration

Crop-referenced evapotranspiration was used in this study
as acheck of the calculated monthly evapotranspiration that
resulted from the monthly water-budget equation. Calculated
monthly evapotranspiration was assumed to represent actual
evapotranspiration from the watershed. Crop-referenced evapo-
transpiration is analogous to potential evapotranspiration.
Crop-referenced evapotranspiration can vary from actual
evapotranspiration by 15 percent or more (Allen and others,
1998).

Crop-referenced evapotranspiration is defined as the rate
of evapotranspiration from a hypothetical reference crop with
an assumed crop height of 12cm (4.721in.), afixed crop-surface
resistance and albedo (0.23), closely resembling the evapotrans-
piration from an extensive surface of green grass cover of uni-
form height, actively growing, completely shading the ground,
and with adequate water (Smith and others, 1997, p. 6). Crop-

unit area 4, New Garden Town-
ship spray-irrigation site, Chester
County, Pennsylvania.

referenced evapotranspiration can be estimated by measuring
certain meteorological variables and using the Penman-Mon-
teith equation (Smith and others, 1992). In the Penman-Mon-
teith equation, measurements of absorbed radiant energy, wind,
and atmospheric vapor deficit are used to estimate crop-refer-
enced evapotranspiration. In the agricultural irrigation disci-
plines, the estimate of crop-referenced evapotranspiration
determined from meteorological variablesis multiplied by a
crop coefficient to determine actual crop evapotranspiration.
The crop coefficient is based on characteristics of the crop such
asthe stage of growth and development. The crop coefficient is
used for determining irrigation needs to sustain a specific crop.
Because sustainable crop growth was not an objective of this
study and crop-devel opment data were not collected, the crop
coefficient was not determined.

A micro-meteorological station that included solar radia-
tion, relative humidity, wind speed, and air temperature sensors
was installed onsite (plate 1). Meteorological parameters were
measured every 2 minutesand averaged over an hour. Averaged
hourly values for absorbed radiant energy, wind, and atmo-
spheric vapor deficits were input for acomputer program that
calculated the Penman-Monteith equation. Mean daily crop-ref-
erenced evapotranspiration was determined from the cal culated
hourly crop-referenced evapotranspiration.

Annual Water Budget

Annual water budgets were determined for the 38-acre
watershed and for the watershed upstream from the USGS
streamflow-gaging station (01479820) Red Clay Creek near
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Kennett Square, Pa., which represented a non-effluent affected
control watershed (fig. 11). The drainage area above Red Clay
Creek near Kennett Squareis 28.3 mi2. Annual water budgets
were determined for three periods, May 1998 through April
1999, the period prior to effluent application, and January—
December 2000 and 2001, two periods during effluent applica-
tion.

To determine an annual water budget for the study water-
shed, precipitation, streamflow, and ground-water underflow
were totaled on an annual basis and the storage terms were
accumulated throughout each 12-month period. To determine
an annual water budget for Red Clay Creek near Kennett
Square, precipitation data from the site and other sources were
totaled on an annual basis. Total annual streamflow was deter-
mined from the streamflow-gaging station Red Clay Creek near
Kennett Square. Change in ground-water storage was deter-
mined from monthly water-level measurements from three
monitor wellsin the Chester County drought-monitoring net-
work—Ch-28, Ch-38, and Ch-1921—which areinthe Red Clay
Creek watershed. Only water-level measurements collected at
the beginning and end of the annual period were used to deter-
mine changesin ground-water storage. The changein water lev-
elswas multiplied by a specific yield of 0.08 (Vogel and Reif,
1993). No net gain or loss of water from the soil zone was
assumed, and the change in soil-moisture content for the Red
Clay Creek annual water budgets was assumed to be zero. Also,
ground-water underflow was assumed to be zero.

Recharge

Monthly and annual recharge estimates were calculated
using equation 6 for the study watershed and Red Clay Creek
watershed (28.3 mi2) upstream of the USGS streamflow-gaging
station near Kennett Square, Pa. (01479820).

R = BF+UF +AGWS, (6)
where
R isrecharge, in inches;
BF is the base-flow component of total
streamflow, in inches;
UFt is estimated ground-water underflow,
ininches;
and
A GWS is change in ground-water storage,

in inches.

Assessing Effects of Spray-lrrigated Effluent on
Water Quality

To assess the effects of the spray-irrigated effluent on
water quality, ground water was sampled from 12 monitor

TAssumed to be 0.0 for Red Clay Creek.

wells, surface water was sampled from the stream immediately
downstream of theweir and the pond downgradient of the spray
fields, and effluent was sampled from a spigot in the spray
fields. Water-quality samples collected from May 1998 through
April 1999 were analyzed at the USGS National Water-Quality
Laboratory (NWQL) in Arvada, Colo. All samples collected
after April 1999 were analyzed at the PaDEP Laboratory in
Harrisburg, Pa. All water-quality resultsfrom the ground-water
and surface-water samples were published in USGS Water-
Data Reports, Volume 1, for water years® 1999, 2000, and 2001
(Durlin and Schaffstall, 2000, 2001, 2002). All water-quality
analyses results for the effluent are given in appendix 1,

table 1-1.

Water-quality samples were collected monthly from
ground water, surface water, and the effluent. Field water-qual-
ity characteristics (pH, specific conductance, water tempera-
ture, dissolved oxygen, and akalinity) were measured for each
ground-water and surface-water sample collected. Alkalinity
only was measured for one effluent sample. For some samples,
particularly from the wells completed in the shallow aquifer,
dissolved oxygen was not measured because of alack of water
and aeration of the sample caused by bailing. All field charac-
teristics were measured using established methods
(U.S. Geological Survey, 1997 to present).

Three different laboratory schedules—a monthly, a quar-
terly, and an annual schedule—were used. The analyzed con-
stituents for the monthly schedule were nutrients consisting of
N and phosphorus (P) species. The analyzed constituentsfor the
quarterly schedule were the nutrient species from the monthly
schedule plus dissolved major ions and sel ected metals, and the
analyzed congtituents for the annual schedule were the com-
pounds from the quarterly schedule plus an expanded list of
metals. The constituents for the different schedules and USGS
and PaDEP L aboratories constituent minimum reporting limits
arelistedintable 7.

Ground-water samples were collected by the methods out-
lined in the“National Field Manual for the Collection of Water-
Quality Data” (U.S. Geological Survey, 1997). Dedicated sub-
mersible pumps were installed in some wells. In other wells, a
submersible pump was installed at the time of sampling or the
well wasbailed. A minimum of threewell volumes of water was
extracted prior to collecting the sample. If the well was low
yielding (<1 gal/min), the water level was pumped down to the
total depth and allowed to recover before sampling. During
pumping and bailing, water levels were monitored with an elec-
tric tape, and water temperature and specific conductance were
measured. Sampleswere collected only after water temperature
and specific conductance had stabilized. After each samplewas
collected, all equipment was rinsed with de-ionized water. All
ground-water sampleswere filtered through a 0.45 micrometer
encapsulated filter.

Water-quality sampling was conducted 34 times from
wells Ch-5172, Ch-5173, Ch-5174, Ch-5175, Ch-5176,
Ch-5177, Ch-5178, Ch-5179, Ch-5181, Ch-5182, and Ch-5183

2Water year isthe 12-month period October 1 through September 30 and is
designated by the calendar year in which it ends.
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Table 7. Summary of analyzed chemical constituents in the monthly, quarterly, and annual sampling schedules and laboratory minimum

reporting limits for the New Garden Township spray-irrigation study, Chester County, Pennsylvania.

[mg/L, milligrams per liter; pg/L, micrograms per liter; °C, degrees Celsius; —, constituent was not analyzed)]

Minimum reporting limit Minimum reporting limit Minimum reporting limit
Pennsylvania Pennsylvania Pennsylvania
US. Department US. Department USS. Department
Constituents and units Geological of Constituents and units Geological of Constituents and units Geological of
Survey Environ- Survey Environ- Survey Environ-
Laboratory menta!I Laboratory menta!I Laboratory menta!I
Protection Protection Protection
Laboratory Laboratory Laboratory
Monthly laboratory schedule Quarterly laboratory schedule Annual laboratory schedule
Nitrogen, dissolved! (mg/L) — 0.02 Monthly laboratory schedule plus: Quarterly laboratory schedule plus:
Nitrogen, total? (mg/L) 0.05 .06 Calcium, dissolved (mg/L) 0.012 0.03 Antimony, dissolved (ug/L) 1.0 20
Nitrate nitrogen, dissolved .02 .04 Magnesium, dissolved .008 .01 Arsenic, dissolved (ug/L) 1.0 4.0
(mg/L) (mg/L)
Nitrite nitrogen, dissolved .01 .04 Potassium, dissolved (mg/L) A1 1.0 Barium, dissolved (ug/L) .9 20
(mg/L)
Ammonia nitrogen, dissolved .02 .02 Sodium, dissolved (mg/L) .09 .20 Cadmium, dissolved (ug/L) 8.0 10.0
(mg/L)
Ammonia nitrogen, total 12 — .02 Bromide, dissolved (mg/L) .03 .20 Chromium, dissolved (ug/L) 1.0 4.0
(mg/L)
Phosphorus, dissolved (mg/L) .05 .01 Chloride, dissolved (mg/L) 33 .50 Copper, dissolved (ug/L) 1.0 4.0
Orthophosphate phosphorus, .01 .01 Fluoride, dissolved (mg/L) A1 .20 Lead, dissolved (ug/L) 1.0 1.0
dissolved (mg/L)
Phosphorus, total® (mg/L) .01 .01 Silica, dissolved (mg/L) A3 1.07 Lithium, dissolved (ug/L) 4.0 25.0
Total dissolved solids at 10.0 2.0 Mercury, dissolved (ug/L) .011 2
1800C (mg/L)
Carbon, organic, dissolved 33 .50 Nickel, dissolved (ug/L) 20 4.0
(mg/L)
Aluminum, dissolved (ug/L) 1.0 10.0 Selenium, dissolved (ug/L) 20 7.0
Boron, dissolved (mg/L) 16 200 Strontium, dissolved (ug/L) .6 10.0
Iron, dissolved (mg/L) 10.0 20.0
Manganese, dissolved 16 10.0
(mg/L)
Zinc, dissolved (mg/L) 20.0 10.0

Pennsylvania Department of Environmental Protection Laboratory only.

2Surface-water and effluent samples only.
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(plate 1). Water-quality sampling was conducted 27 times at
well Ch-5180, which was dry prior to effluent application and
went dry during the study. A summary of the number and type
of samples collected for each well islisted in table 8.

Surface-water samples were collected by the methods out-
lined in Ward and Harr (1990). Streamflow samples from the
unnamed tributary to Red Clay Creek were collected immedi-
ately downstream of the weir (table 8). A 14-L churn splitter
was filled at least three-quarters full, and the sample was split
out of the churn. Pond sampleswere collected from aboat using
aperistaltic pump to extract adepth integrated samplewhilethe
boat dlowly traversed the pond (table 8). Streamflow and pond
samples were processed from the churn splitter to bottles using
adifferent peristaltic pump than was used to collect the sam-
ples. Water was filtered through a 0.45 micrometer encapsu-
lated filter for the dissolved-constituent samples and raw water
was bottled for total-constituent samples.

Effluent samples were collected from a spigot in the dis-
charge pipesbeforethe redirection to specific spray fields at the
site. Typical operating procedures at the New Garden Township
Wastewater Treatment Plant involved spray irrigation begin-
ning around 0700 and ending around 1700. Effluent samples
were collected no sooner than 45 minutes after spray irrigation
began on any day. This procedure was followed to ensure that
water sitting in the pipes overnight was discharged fromtheirri-
gation system prior to sample collection. The spigot was
allowed to discharge water for 10 minutes prior to sample col-
lection, again to ensure that “fresh” effluent was collected.

A sampletubewas attached to the spigot so that filtered and raw
water samples could be collected. Water was filtered through a
0.45 micrometer encapsulated filter for the dissolved-constitu-
ent samples, and raw water was bottled for total-constituent
samples.

A total of 33 effluent samples were collected; 7 samples
were analyzed using the quarterly schedule, and 2 sampleswere
analyzed using the annual schedule. Thefollowing constituents
were added to some laboratory schedules: chloride (Cl), zinc,
iron, and manganese. In the effluent samples, Cl and zinc were
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analyzed 26 times, and iron and manganese were analyzed
13 times.

Water-quality datawere analyzed with two nonparametric
statistical tests to determine the effects of spray irrigation on
water quality. The nonparametric Wilcoxon rank sum test was
done on constituent concentrations of two data groups—the
data collected during effluent application and the data collected
prior to effluent application. The test was done to determine if
one group of data, data collected prior to application, tended to
contain larger or smaller values than the other group of data,
data collected during the effluent application (Helsel and
Hirsch, 1992). Thistest determined if a statistical difference
was present between median constituent concentrations of those
two groups. The basic premise of a step-wise increase or
decrease in median constituent concentrations may be present
between the two groups of data, which may be an affect of the
spray-irrigated effluent. Test results were considered statisti-
cally significant at a p-value of lessthan 0.05. The Mann-
Kendall test for trends was done on acombined data set of data
collected both prior to and during effluent application to deter-
mineif astatistically significant increase or decrease in constit-
uent concentrations occurred over the study period (Helsel and
Hirsch, 1992). To determine the statistical significance of the
trend analysis, two resultant statistical parameters, Kendall’s
tau and a p-value, were analyzed. Kendall’ s tau value lies
between -1 and +1. A value close to O indicates that either no
trend is present or aweak trend may be present. A value close
to -1 indicates a strong decreasing trend in constituent concen-
tration, and a value close to +1 indicates a strong increasing
trend in constituent concentration. Statistical significance was
attained at a p-value less than 0.05. The possibility may be
present that a significant difference could occur in median con-
centrations of aparticular constituent between the two groups of
data but no significant trend is present and, conversely, because
of perhaps alarge variancein the data collected during effluent
application and the assumption that the trend is monotonic and
linear.

Table 8. Number and type of samples collected for the water-quality objective of the New Garden Township spray-irrigation study,

Chester County, Pennsylvania.

[—, samples not collected]

Monthly Quarterly Annual
Site Number of laboratory schedule laboratory schedule laboratory schedule
samples Prior to During Prior to During Prior to During
application application application application application application
All wells except Ch-5180 34 — 14 4 11 1 4
Well Ch-5180* 27 — 13 — 10 — 4
Unnamed tributary 33 — 11 4 12 1 5
Pond 35 — 13 4 12 1 5

Iwell was dry prior to application and went dry during the study.
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Assessing Fate and Transport of Nitrogen

Fate and transport of N was studied within a 20-acre
subbasin of the watershed from May 1999 through December
2001. Thisareaencompassed all of spray field 2 and 46 percent
of spray field 1 (plate 1). Two sites within the study area but
outside the 20-acre subbasin also were studied to determine
background processes affecting N fate and transport. These
areaswerein spray field 5 and at the future location of spray
field 6 (plate 1). The presence of spent mushroom substrate
within the 20-acre subbasin and at other locations in the study
areawarranted the use of N isotopes so that a chemical
signature could be associated with the N present in different
compartments of the subbasin. The development of aN budget
for the site required a variety of sampling techniquesand a
varied frequency of sampling depending on the media sampled.
Although some compartments were sampled on a biweekly
basis, other compartments were sampled on a seasonal basis.
Thus, it was necessary to develop aN budget in the context of
seasonal variations of hydrologic and climatic conditions.

Seasonal Nitrogen Budget

A seasonal N budget consisting of inputs, outputs, and
storage compartments was devel oped for the 20-acre subbasin
for the period from June 1999 through December 2001. Other
areaswithin the New Garden Township spray-irrigation site but
outside the 20-acre subbasin were used as* control” areas; how-
ever, atrue“control” areawas difficult to identify. Spray fields
4 and 5 were partially active during the course of the study
because operational necessities required use of the fields. The
presence of spent mushroom substrate in the proposed location
of spray field 6 confounded the use of thisareaasatrue control.
However, given that field data collection did not begin until
after spray irrigation began at the site in spring 1999, it was
imperativeto select areas outside of the 20-acre subbasin for the
purpose of comparative analysis.

For a site where effluent is applied, numerous pathways
and compartments need to be considered. N isinput to the sys-
tem through atmospheric deposition, spray-irrigated effluent,
and N fixation by leguminous plants. It was assumed that N fix-
ation by legumes at the sitewas zero. N outputs from the system
include loss through volatilization of ammonia during spray
irrigation, denitrification processes in subsurface zones, water
discharge through surface-water and subsurface (underflow)
pathways, and plant uptake and subsequent removal during har-
vest. Changesin N storage can take placein the soil matrix, both
in the solid and liquid phase, and in the ground-water system.

The N budget equation used was:

N(atm) * N(spray) = Nvol) + Nepiy * Nefiow) + Nunay +
AN(SOH) +A N(SN) +A N(gW) (7)

where
N atm) isN input from wet and dry atmo-
spheric deposition,
Nispray) is N input from spray-irrigated efflu-
ent,
Nvol) isN output from ammoniavolatiliza-
tion during spray irrigation,
Nplt) is N output from plant harvesting,
Nifiow) is N output from surface-water dis-
charge,
N(und) is N output from underflow,
A Nisoily isthe changein N in the solid soil
matrix,
A Ngp) isthe changein N in soil water,
and
ANgw) isthe changein N in ground water.

To aid in determining the source of N quantified in the sys-
tem, certain compartments were sampled for N isotopes. N pos-
sesses two stable isotopes in the biosphere, 15N and N
(Létolle, 1980). BN inthe atmosphere is stable, and this con-
stant valueis used to normalize data collected from other media
for 15N (Karr and others, 2001). N isotope data are expressed as
3N, which is defined as the relative difference in the °N to
14N ratio between the sample and atmospheric N (Karr and oth-
ers, 2001). Valuesfor 3N are reported as the per mil (%o) dif-
ference from the stable atmospheric constant. Thus,

&N = [(°N/AN)gampre/ (PNAN)5ip) — 1]
x 1,000 (Létolle, 1980). (8)

N isotopic analysiscan be conducted onany N species. For
thisstudy, isotopic analysiswas conducted on nitrate N because
it was the predominant form of N in the system. The isotopic
signature of the N depends on the source. Values for 3*°N in
precipitation range from -10 to 5 %o (L étolle, 1980; Heaton,
1986) and in animal or human waste typically range from 10 to
20 %o (Heaton, 1986; Mariotti and others, 1988). N derived
from naturally occurring soil processes or from application of
inorganic fertilizers generally range from 3 to 8 %0 (Heaton,
1986; Hibner, 1986). Processes such as denitrification can
cause enrichment of 2N in the remaining N pool (Karr and oth-
ers, 2001), and this can elevate 3'°N valuesto as high as 43 %o
(Komor and Anderson, 1993).

The primary use of the N-isotope samples was to identify
the source of the N in the media sampled; the potential sources
were spray-irrigated effluent, atmospheric deposition, natural
soil mineralization, or mineralization of N from spent mush-



room substrate. A secondary objective wasto use the N-isotope
information to help determineif denitrification occurred in the
system.

Atmospheric Deposition

Oneinput of N to the site was atmospheric deposition. The
location of the bulk precipitation sampler was in the northeast
corner of the study site (plate 1). The site was selected to max-
imize the distance from any active spray field and reduce inter-
ference from tree canopy cover. It was necessary to place the
bulk precipitation sampler in the study area because of the
localized effects of agricultural activities on atmospheric depo-
sition of N (Langland, 1992; Fahey and others, 1999). New Gar-
den Township is home to numerous mushroom-growing facili-
tiesthat could be a source of airborne N species; thus,
placement outside of the study area was not feasible. Samples
of wet and dry deposition were collected using the same sam-
pling device but different procedures. A 12-in. diameter funnel
was placed atop a polyvinyl chloride (PVC) pipe that held a
2-L sample bottle.

For wet-deposition samples, the funnel was cleaned of any
debris then rinsed with inorganic blank water (IBW) no more
than 1 day prior to any sampling event. Wet-deposition samples
were collected within 24 hours of the end of the precipitation
event with events sampled on a monthly to bimonthly basis.
Sampleswere submitted to the PaDEP L aboratory for chemical
analyses. Two snowpack samplesal so were collected within the
study areafor chemical analyses. Wet-deposition sampleswere
analyzed for total forms of N, ammonia N, nitrite N, nitrate N,
dissolved Cl, dissolved zinc, specific conductance, and pH. The
wet-deposition load of N to the 20-acre subbasin was estimated
using the wet-deposition chemistry data and the continuous
record of precipitation quantity recorded at the precipitation
gageinthe study area. Datawere tested to determineif wet-pre-
cipitation chemistry was related to precipitation intensity, sea-
son, and duration of dry interval between precipitation events.
If no significant relationswereidentified, sampling eventswere
plotted over time and chemistry from samples collected was
interpolated between sample events. Interpolated concentra-
tionswere applied to unsampled eventsin order to determine N
loads from wet deposition to the 20-acre subbasin.

For dry-deposition samples, the funnel was cleaned of any
debris then rinsed with IBW. After 1 to 4 days, the funnel was
again rinsed with IBW and the water was captured in a collec-
tion bottle. Approximately 1 L of water was used for rinsing;
rinse volumes were measured to the milliliter. The water col-
lected was then analyzed at the PaDEP Laboratory for total
formsof N, ammonia N, nitrite N, nitrate N, dissolved Cl, and
dissolved zinc. The dry-deposition load for storms sampled was
determined by multiplying the sample concentrations by the
total volume of water used to wash the dry particles from the
collectionfunnel to the bottle. Theknown areaof thefunnel was
then divided into the mass of N inthe sampleto calculate aload
per unit area. This load was then extrapolated over the 20-acre
subbasin. Dataweretested to determineif dry-deposition chem-
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istry wasrelated to season and duration of the dry interval prior
to the collection of the dry-deposition sample. If no significant
relations were identified, sampling events were plotted over
time and chemistry from samples collected was interpol ated
between dry-deposition sample events. Interpolated concentra-
tions were applied to al days when no wet precipitation
occurred. If more than 0.10 in. of wet precipitation occurred on
aday, then it was assumed that no dry deposition occurred. If
measurabl e preci pitation occurred but waslessthan 0.10in., the
estimated N load from wet precipitation was determined; if this
value exceeded the N load from dry deposition estimated using
interpolated values, it was assumed that no dry deposition
occurred. If the N load estimate for wet precipitation for a day
with 0.01-0.10in. of precipitation was less than the N load esti-
matefor dry deposition, the bulk deposition for the day included
estimates for both wet deposition and dry deposition. Thus, the
partitioning of N loads from wet and dry deposition for days
with minimal precipitation (lessthan 0.10in.) was dependent on
the loads determined from sampling events and the comparison
between wet-deposition and dry-deposition loads of N.

Effluent Nitrogen Input

Primary input of N to the site was from spray-irrigated
effluent. Effluent generally was sampled on a monthly basis
from a spigot in the discharge pipes before the redirection to
specific spray fields at the site. Effluent sampleswere collected
to determinethe overall water quality of the effluent and also to
determine N loads to the 20-acre subbasin. Effluent samples
were analyzed for constituents listed in table 7, and three sam-
pleswere collected for N isotopic analysis. All N isotopic sam-
ples were submitted to the USGS NWQL for analysis.

Measured concentrations of N species and Cl at the spigot
were used to estimate inputs of the different constituentsto the
20-acre subbasin. Estimated inputs were determined by plotting
the sample dates over time then extrapolating the measured
chemical concentrations among the samples collected. Extrap-
olated concentrations were applied to unsampled dates and vol-
umes of spray applied to the 20-acre subbasin on those dates in
order to determine monthly N and Cl inputs from the sprayed
effluent to the 20-acre subbasin.

Solid-Soil Nitrogen Storage

One storage compartment that acts as a sink and source of
N isthe soil system. N inputs to the system can be retained in
the soil matrix and at the same time some N stored in the soil
matrix can be released to the water table through leaching pro-
cesses. Threemajor formsof nongaseous N that occur in the soil
are organic N associated with organic matter such as humus,
ammonium N fixed onto the surface of clay minerals, and solu-
ble forms of ammonium, nitrate, and nitrite (Y oung and Aldag,
1982; Brady, 1974).

Soil sampling to characterize N held in the soil matrix was
conducted eight times: spring, summer, and fall of 1999 and
2000 and summer and fall of 2001. Sampling was conducted at
six different areas within the study site (fig. 12). Within the
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Figure 12. Location of six soil-sampling areas, New Garden Township spray-irrigation site, Chester

County, Pennsylvania.

20-acre subbasin, four different areas were delineated and
named Upper, Middle, Lower, and Bottom. The areadesignated
as Bottom was not within a spray field. Two areas outside the
20-acre subbasin, designated as Control (1) and Control (2),
also were sampled. Control (1) was not in an active spray field,
but part of the areain thisfield was historically used as a dis-
posal areafor spent mushroom substrate. Control (2) wasin
spray field 5. Three depths were sampled in each of the soil-
sampling areas—0-8in., >8-24in., and >24-48 in. For any one
sampling event, samples were collected at all three depths for
each of the soil-sampling areas plus the two control areas. For
each depth and area, approximately 20 samples were collected
with ahammer auger and an attachment to retrieve 1-in.-diam-
eter samples. Samples from each area and depth were collected

in separate sampling containers, but the 20 samples from each

specific areaand depth were composited prior to chemical anal-
yses. Samples were air-dried and pulverized with a mortar and
pestle. Samples from each container were subsampled and sub-
mitted to the Colorado State University Plant and Environmen-
tal Soil Testing (CSU) Laboratory for chemical analyses.

During sample collection, separate sampleswere collected
at each sampling area and depth to determine soil-bulk densi-
ties. Bulk-density samples were collected with the same auger
device as the soil-chemical samples; however, only two bulk-
density samples were collected in each field and depth for each
of the sampling collection periods. Bulk-density samples were
collected in clear butyrate tubes and capped. The length of the
soil in the tube was measured, and the soil was removed from



thetubeto dry. Soil masswasweighed after drying, and the dry
weight was divided by thefilled volume of the butyrate tube to
determine a bulk density. These bulk densities were necessary
to determine the mass of soil in agiven volume. These data
were then used along with the chemical analyses results to
determine the mass of N at the site.

The mass of N for the six different areas sampled was
determined using the N-concentration dataand the bulk-density
data. N masses for each of the different depths sampled were
summed so that aN mass for a4-ft thick layer of soil extending
over the entire extent of the sample areawas determined. This
determination was donefor each sampling. DifferencesintheN
masses between the first samples collected in April 1999 and
the last samples collected in October 2001 were determined in
order to quantify the effect of spray irrigation and background
conditions on the storage of N in the solid soil matrix.

N mass from a depth of 4 ft below land surface to compe-
tent bedrock was determined for each of the sampleareaswithin
the 20-acre subbasin. The depth to competent bedrock below
the soil-sample areas was determined using drilling notes from
the nearest well nest to the sampling areaor to awell nest within
the specific soil-sampling area. Soil sampleswere not collected
below a depth of 4 ft; thus, estimates for N concentrations and
bulk densities were required. Non-linear regressions relating
bulk density and N concentration to depth were generated using
data collected from the 0-8 in., >8-24 in., and >24-48 in.
depths. Therelations generated were then used to estimate bulk
density and N concentration at depths of 4 ft to competent bed-
rock. N masses were estimated in 4-ft increments.

Soil-Water Nitrogen Storage

Suction lysimeters (2-in. outside diameter) with porous
ceramic cupswereinstalled at seven locationsin the study area
(table9 and plate 1). Lysimeter nestsLys#1, Lys#2, Lys#3, and
Lys#7 werewithin the 20-acre subbasin. Lysimeter nestsLys#3
and Lys#7 were not in active spray fields but were immediately
downgradient of spray field 2. Multiple lysimeters were
installed at lysimeter nests Lys#1 to Lys#5 with depths ranging
from 3 to 15 ft below land surface. Lysimeter nests Lys#1 to
Lys#5, installed in May 1999, were positioned in proximity
to monitor wellsin the study area. Lysimeter nests Lys#6
(Ch-5448) and Lys#7 (Ch-5449), installed in August 2000,
included only onelysimeter per nest. Thelocations of thesetwo
lysimeters were selected to estimate the effects of spent mush-
room substrate on the concentrations of N in the soil water
underlying the deposited substrate. Spent mushroom substrate
can be a source of dissolved mineralized and organic N for a
number of yearsafter initial deposition (Guo and others, 2000g;
2000b). Lysimeter nests Lys#4 and Lys#5 were outside the
20-acre subbasin to monitor N concentrations not affected by
spray-irrigated effluent.

Lysimeters were either installed with three to four lysime-
ters per hole or one lysimeter per hole. For the multiple lysime-
ter holes, ahand auger was used to excavate a 3—4 in. diameter
hole extending 15 ft below land surface. Lysimeters were com-
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Table 9. Lysimeter nest designation, local names, depth below
land surface, and altitude of soil-suction lysimeters, New Garden
Township spray-irrigation site, Chester County, Pennsylvania.

[Locations of lysimeters nests are shown on plate 1. Altitude is referenced to
the National Geodetic Vertical Datum of 1929 (NGVD 29).]

. Local Depth below Altitude of lysimeter
Lysimeter L .
nest lysimeter land surface ceramic cup
name (feet) (feet above NGVD 29)
Lyst#l Ch-5211 3.0 403
Ch-5212 7.0 399
Ch-5213 11.0 395
Lyst#2 Ch-5215 3.0 372
Ch-5216 7.0 368
Ch-5217 11.0 364
Ch-5218 15.0 361
Lys#3 Ch-5219 30 337
Ch-5564 6.0 334
Ch-5565 95 330
Ch-5566 13.0 327
Lys#4 Ch-5567 3.0 309
Ch-5568 7.0 305
Ch-5570 15.0 297
Lyst#5 Ch-5571 30 382
Ch-5572 7.0 378
Ch-5573 11.0 374
Ch-5574 15.0 370
Lys#6 Ch-5448 3.0 357
Lyst#7 Ch-5449 30 352

pleted by lining the bottom of the hole with native sail. Silica
flour was then deposited in the hole and the lysimeter was
placed in the hole so that the ceramic cup was surrounded by
silicaflour. Sand and native soil were then packed thoroughly
around the lysimeter. Bentonite was then used to seal the top of
the lysimeter from water infiltrating from the soil surface or
migrating down the augered hole. When a multiple lysimeter
hole was used, native soil or sand was deposited atop the bento-
nite, and the procedures outlined above were again followed.

Water samples were collected from each lysimeter on a
monthly basis when sample water was available. Oneto 2 days
prior to sample collection, thelysimeters were evacuated of any
water that passively entered the ceramic cup and then placed
under vacuum pressure of about 60—70 centibars. The average
pore size of the ceramic cup was 1 micrometer; thus, it was nec-
essary to filter the water through a 0.45 micrometer filter in
order to process a “dissolved” sample. Given the limited
amount of water, the lysimeter water was not used to rinse the
capsule filter or sample bottles. The filtered water was submit-
ted to the PaDEP Laboratory for analysis of dissolved N,
ammonia N, nitrite N, nitrate N, dissolved Cl, and dissolved
zinc. If there was enough sample water, pH and specific con-
ductance were measured in thefield. Eh also was measured, but
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only for the final 2 months of sampling. Eh isameasure of the
oxidation reduction (redox) potential (Thorstenson, 1984) of
the system. This potential can be used to determine if the reduc-
tive capability of the system is sufficient for denitrification to
occur (Hinson and others, 1995).

Denitrification isaprocess by which nitrate N is converted
to N gas (Payne, 1981; Firestone, 1982; Knowles, 1982). This
process can lead to appreciable losses of nitrate N to N gasiif
environmental conditions are favorable. Soil-water nitrate N
needs to exceed a certain concentration (about 0.1 mg/L nitrate
N) before denitrification can occur; however, excessive concen-
trations of nitrate N can inhibit intermediate reactions that con-
vert nitrous oxides to N gas (Knowles, 1981). Another require-
ment for denitrification is a predominantly anaerobic
environment that generally is indicative of high soil-moisture
content (Knowles, 1981; 1982). As redox decreases below
+300 millivolt (mv), the rate of denitrification increases
(Knowles, 1981). A wastewater spray-irrigation site has envi-
ronmental conditions favorable for denitrification processesto
occur (Ryden and others, 1981; Monnett and others, 1995; Bar-
ton and others, 1999). The conversion of nitrate N to N gasin
the soil-water matrix was estimated using changesin the nitrate
N to Cl ratios. Cl is a conservative ion; thus, Cl moves freely
through soil and does not typically adsorb to soil particlesnor is
important in biochemical reactions (Hem, 1985). Conversely,
nitrate N can be affected by biochemical reactions such as den-
itrification. Nitrate N isalso amajor source of N to plants. Thus,
changesin the nitrate N to Cl ratio below the root zone can give
some indication of nitrate N loss through denitrification.

To determine the amount of nitrate N lost through denitri-
fication or other changes in the storage of N in the soil-water
system, the volume of soil water per unit volume of soil must be
known. Soil-moisture data were available from the soil-mois-
ture probe network discussed earlier. Soil-moisture probeswere
near lysimeter nests Lys#1, Lys#2, and Lys#3. The depths of
the soil-moisture probes (table 4, p. 16) varied depending on
location; however, the uppermost lysimetersin nests Lys#1,
Lys#2, and Lys#3 were above and below the shallow and deep
soil-moisture probes at each nest. Soil-moisture values used for
the location of the uppermost lysimeter were a distance-
weighted mean. For example, if thelysimeter was 2 ft below the
uppermost soil-moisture probe and 3 ft above the lower probe,
the moisture value would be 60 percent of the daily mean value
for the uppermost probe plus 40 percent of the daily mean value
for thelower probe. Soil-moisturevaluesfor lysimeter |ocations
below the uppermost lysimeter were interpolated from the soil-
moisture value for the uppermost lysimeter and the soil-mois-
ture value for saturated conditions. Saturated conditions were
present at the water table bel ow or bisecting the lysimeter nests.
Daily mean water levels from the shallow wells near the lysim-
eter nests were used to determine the distance to the water table
at the time of lysimeter sampling. The percent soil moisture at
total saturation estimated for the water-quantity objective of
this study was used to define the lower endpoint of soil-mois-
ture conditions with increasing depth. Lysimeter nest Lys#1
was considered to be on a hilltop; nest Lys#2 on a hillside; and

nest Lys#3 in avalley bottom. It was assumed that the percent
soil moisture changed linearly with depth. Thus, soil-moisture
values for lysimeter locations below the uppermost lysimeter
were linearly interpolated from the daily mean soil-moisture
value for the uppermost lysimeter and the saturated conditions
at the water table. The soil-moisture values estimated for each
lysimeter location for each sample event were applied to areas
previously defined as soil-water storage sub-unit areas 2, 4, and
6 (fig. 7, p. 17). Within each sub-unit area, estimated soil-mois-
ture valuesfor the lysimeter | ocations were used to estimate the
amount of soil water with changesin depth. The soil wasincre-
mented into sections so that the soil moisture for the location of
the uppermost lysimeter was used for soil depths of zero to one-
half the distance between the uppermost lysimeter and the next
most shallow lysimeter; subsequent blocks were based on
dividing the distances between lysimeters. For example, for
lysimeter nest Lys#1, the soil-moisture data for lysimeter
Ch-5211 was used to define the soil moisture from adepth of 0
to adepth of 5 ft; soil-moisture datafor lysimeter Ch-5212 was
used to define the soil moisture from a depth of 5 to 9 ft; and
datafor lysimeter Ch-5213 was used to define the soil moisture
from adepth of 9 to 13 ft. Soil-water storage sub-unit areas 2,
4, and 6 were each divided into two sectionsin order to deter-
mine the amount of N in storage unless the water table was
above the deepest lysimeter. The upper section covered the
depths from 0 to 1-2 ft below the deepest lysimeter in the sub-
unit area. The lower section went from the bottom of the upper
section to the water table, unless the water table was above the
deepest lysimeter. The water table was above the deepest lysim-
eter for nest Lys#3; thus, soil-water storage sub-unit area6 only
had an upper section defined for purposes of determining soil-
water N storage. Water collected from suction lysimeters below
the water table was considered to be soil water collected under
saturated conditions. At this site, thiswould also be water from
the shallow aquifer, but, for brevity, al water collected by
lysimeters is considered soil water.

Once soil-moisture values were estimated for the subsur-
face zones extending from the soil surface to either the water
table or the bottom of the lysimeter network, N-concentration
data were merged with the soil-moisture data to estimate the
mass of N. The amount of N in the micropore soil water was
estimated for the days when samples were collected from the
lysimeter network. N concentrations below the lysimeter net-
work and above the water table were estimated using the N-con-
centration datafrom the deepest lysimeter and the shallow mon-
itor well in each sub-unit area. However, because estimates of
N in the soil water were determined for days when the lysime-
ters were sampled, N-concentration data for the shallow moni-
tor wells were either interpolated between sample events or
regressed using relations to either time or water-table altitude.
Oncethe N concentration for the shallow well was defined, the
N concentrations between the deepest lysimeter and the shallow
well were used as endpoints to define the N concentration
between the lysimeter and the well. N concentrations between
these endpoints were estimated approximately every 4 ft, then



applied to soil-moisture datain order to estimate the mass of N
in the soil water.

N-isotope sampleswere collected from selected lysimeters
three times during the study. One liter of water was needed for
N-isotope samples, and for certain lysimeters, the collection of
1L of water required evacuation and reapplication of the pres-
sure vacuum more than once. Sampleswere not filtered prior to
analysis. These samples were used to help in the identification
of denitrification processes and also to help determine the
source of the N recovered in the lysimeter samples.

Shallow Ground-Water Nitrogen Storage

Another system compartment that stores N is the ground
water underlying the site. A description of the ground-water
monitor wells in the study areawas given in an earlier section.
Ten wells were within the 20-acre subbasin, and four others
wellswere in the study area but outside the 20-acre subbasin
(plate 1). Changesin ground-water storage of N were estimated
only for shallow ground water. The mass of N in the shallow
ground water was estimated for the same areas previously
defined as ground-water storage sub-unit areas 2, 4, and 6
(fig. 6, p. 15). The shallow wells in ground-water storage sub-
unit areas 2, 4, and 6 were Ch-5173, Ch-5175, and Ch-5177,
respectively. Changes in ground-water N storage were esti-
mated for days when the wells were sampled. N-concentration
datafor the shallow wells on the sample dates were assumed to
be the concentration in shallow ground water for that specific
sub-unit area (2, 4, or 6). Changes in the ground-water storage
of N were estimated from the average top of the water table or
the bottom of the lysimeter network (whichever was further
below land surface) to the depth of competent bedrock. There-
fore, the actual subsurface volume for which the changein
ground-water N storage was estimated did not change; only
changesin N concentrations for the shallow wells affected N
storage values. Within this fixed volume of subsurface space, it
was assumed that subsurface materials were saturated with
water. The soil-moisture valuesfor saturated conditions for the
different sub-unit areas were available from the water-quantity
component of this study.

Besides the standard monthly sampling of monitor wells,
N-isotope samples were collected three times from selected
wells. Samples were collected from shallow and deep wells
inside and out of the 20-acre subbasin. These sampleswere col-
lected during the typical monthly sampling, so protocols
described in earlier sections for purging and sampling wells
were followed.

Ammonia Volatilization

One potential loss of N from spray-irrigated effluent is
ammoniavolatilization (Ryden and others, 1981). The amount
of ammonia volatilization is controlled by the differencein
vapor pressure between asolution (in this case, effluent) and the
atmosphere (Freney and others, 1983). The primary driving
mechanismsthat attempt to equilibrate the pressuresin solution
and air are meteorological factors. Generally, as temperature
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and wind speed increase, the rate of ammonia volatilization
increases (Freney and others, 1983; Meisinger and Jokela,
2000).

Therate of anmonia volatilization prior to the spray infil-
trating the soil was determined by comparing concentrations of
samples collected within the spray field with simultaneous sam-
ples collected at the spigot. Nalgene containers (hereinafter
referred to as PAN) that hold an approximate volume of 42 L
were placed at two different locations within the 20-acre subba-
sin to intercept spray-irrigated effluent prior to infiltrating the
soil. Two PAN samples were collected concurrently with a
sample of effluent from the spigot. PAN sampleswere analyzed
at the PaDEP Laboratory for the same constituents as the efflu-
ent samples. Specific conductance and pH were measured in the
field. Differencesin concentrations of ammoniaN at the spigot
and at the soil surface were used to quantify the volatilization
rate of ammoniaN. PAN sampleswere collected monthly from
spring through fall. Initially, samples were collected during the
winter; however, adatareview indicated that volatilization did
not occur during the winter and subsequent sampling inthewin-
ter months was discontinued.

Thetotal amount of ammoniaN lost through volatilization
(prior to effluent infiltrating the soil surface) within the 20-acre
subbasin was estimated by first determining the quantity of
ammonia N lost on the basis of the samples collected. Losses
were then regressed against air temperature and wind speed
(which were collected at the micro-meteorological station
onsite) at thetime of samplecollection to determineif arelation
was evident. Studies on land-applied slurries of cattle manure
have shown ammonia volatilization increases exponentially
with an increase in temperature (Sommer and others, 1991;
Sommer and Olesen, 1991) and also increases linearly with an
increase in wind speed to a speed of 6 mph (miles per hour);
wind speeds greater than 6 mph did not cause increased volatil-
ization above that caused by a6 mph wind speed (Sommer and
others, 1991). For spray irrigation, the effluent is not in slurry
form; thus, above ground contact with atmospheric conditions
was limited because ponding of effluent within the 20-acre sub-
basin rarely occurred. If data show that ammonia volatilization
loss during effluent spraying was rel ated to wind speed and (or)
air temperature, these meteorol ogical datawere used to estimate
volatilization losses on days when PAN samples were not col-
lected. Once spray effluent enters the soil matrix, the potential
for ammonialoss through volatilization is reduced. Studies
have shown that incorporation of manure slurries into soils
(instead of surface application) appreciably reduces ammonia
volatilization (Meisinger and Jokela, 2000); thus, it was
assumed that no anmonia volatilization occurred once the
effluent water infiltrated the soil. If data did not indicate asig-
nificant relation between ammonialoss and meteorological
parameters, then the determination of ammonia-N loss through
volatilization was based on sample differences between ammo-
nia-N concentrations at the spigot and ammonia-N concentra-
tionsfor the PAN samples. The calculated differences based on
samples collected were applied to the effluent load estimation
for ammoniaN. As stated earlier, the effluent load to the 20-
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acre subbasin was interpolated on a daily basis for the entire
study period based on dayswhen sampleswere collected. Thus,
the calculated differences were applied to the interpol ated data
to determine ammonia-N volatilization losses for the entire
study.

Plant Removal of Nitrogen

Plant harvest across the 20-acre subbasin was another N-
output. Themassof N |eaving the sitethrough plant harvest was
quantified by subsampling the plant material immediately prior
to crop removal. Hay was harvested from the site eight times
from May 1999 through December 2001; plant material was
collected prior to each of these harvests. Samples were col-
lected in the same areas as the soil samples(fig. 12). From each
of the six fields sampled, plant material was collected systemat-
ically across the field. Sampleswere air dried and two samples
from each field were submitted to the CSU Laboratory for anal-
ysisof total N.

The total number of bales removed during each harvest
was recorded by the farm operator who harvested the site. Site
maps were distributed to the operator so that the number of
bales collected inside the 20-acre subbasin and other areas
could be documented. The farm operator provided the approxi-
mate weight and moisture content of the bales for each harvest
event. These data, along with the N-concentration data for the
dry plant material, were used to estimate the total amount of N
removed during plant harvest.

Clover, aleguminous plant, was part of the vegetative
community within the 20-acre subbasin. Legumes form symbi-
otic relations with N-fixing bacteria. Nodules form on the roots
of legumes and bacteriain the nodulesfix N gasto ammoniaN
(Havelkaand others, 1982). L eguminous crops can annually fix
amounts of N ranging from about 60 to 270 Ib/acre; red clover
was found to have the highest N-fixing capability (Postgate,
1982, p. 147). Coverage of clover at the site was estimated to be
less than 5 percent. Using 270 Ib/acre as a maximum N fixing
rate, this 5 percent cover would extrapol ate to about
10-15 Ib/acre of N fixed annually. However, the existence of
sufficient concentrations of available N inhibits N fixation.
Postgate (1982, p. 92-93) indicates that, for afree-living N fix-
ing bacterium, more than 90 percent of the enzymatic activity
necessary for N fixation isinhibited by available ammonia. For
this study, it was assumed that N fixation by clover was essen-
tially zero because of the availability of ammonia and nitrate
within the 20-acre subbasin. Some of the N fixed by the clover-
root nodules was removed during plant harvest. Clover-root
nodules remaining after harvest can still fix N, and thisN was
not removed during plant harvest. N fixed by the root nodules
was accounted for in the solid-soil sampling.

Discharge

Another N output of the system was water discharge from
the 20-acre subbasin. Surface discharge was captured by re-
excavation of an old swale along the lowest altitude of the sub-
basin and positioning of a standardized flume to capture and

measure discharge before water left the subbasin (plate 1). Dif-
ferent sources contributed to the water discharging from the 20-
acre subbasin. Water inputs to the 20-acre subbasin were spray-
irrigated effluent and precipitation. Both sources helped to ele-
vate soil moistures relative to pre-spray conditions. Increasing

soil moisture would tend to increase the area contributing water
to the swale and also would increase the likelihood of overland

runoff during storm events.

It should be noted that even though there was a known
standard rating for the flume, some check measurements were
conducted to verify the accuracy of the standard rating. Mea-
surementsindicated the rating was accurate. Dischargefromthe
20-acre subbasin was recorded continuously from June 1999
through December 2001 by installing a shaft encoder wired to
an electronic data logger near the flume outflow. The shaft
encoder measured the height of the water in the flume, and the
standard rating was used to convert stageto discharge. Theelec-
tronic recorder was housed near the flume along with an auto-
matic water sampler.

Low-flow and stormflow samples were collected at the
flume. Grab samples were collected at the outlet of the flume
during low-flow periods, approximately one or two times per
month. The automatic sampler was activated by the electronic
datalogger to collect stormflow samples. The logger would
send asignal to the automatic sampler if the stage increased by
approximately 0.02-0.04 ft over a5- to 10-minute period. Once
in sampling mode, stormflow sampleswere collected every 2 to
10 minutes depending on the rate of change in the stage. Storm-
flow samples were collected within the flume approximately
5 ft above the outlet. The sampler was turned off by the data
logger if the stage receded back to “ pre-storm” conditions; oth-
erwise, the length of the storm sampled was dependent on the
number of bottles (24) in the sampler. One to two storms were
sampled monthly if stormflow occurred during the month.
Storm sampleswere retrieved within aday of event completion
and chilled prior to sample processing. Samples collected dur-
ing each storm were composited into one sample per event. Ali-
quots pi peted from bottleswere flow weighted so the composite
sampl e represented mean conditions for the storm event. Both
low-flow (or grab) and stormflow samples were analyzed for
total and dissolved forms of N and ammonia N, dissolved
nitrate N, nitrite N, Cl, boron, and zinc by the PaDEP Labora-
tory. Other analyses were conducted by the PaDEP L aboratory,
and acompletelisting of the constituentsand resultsisavailable
from Durlin and Schaffstall (2000, 2001, and 2002). Three sam-
plesfor N-isotopic analysis al so were collected at the flume out-
flow during low-flow periods. Field measurements were
recorded only for grab samples, and characteristics measured
included pH, specific conductance, dissolved oxygen, water
temperature, and Eh (only during the last 2 months of data col-
lection).

The continuous record of stage (and subseguently dis-
charge) at the flume and results from the chemical analysis of
water samples were used to estimate monthly loads of N dis-
charging from the 20-acre subbasin through the flume. Prior to
statistical analysis, data for grab and stormflow samples were



separated into two data sets. I nstantaneous|oadswere estimated
from grab-sample data. For grab samples, the discharge at the
time of data collection along with the concentration was used to
estimate adaily load of N. Theload of N for storm sampleswas
determined by using the mean discharge during the storm along
with the mean concentration. The concentration and load of N
specieswere then regressed against discharge and time to deter-
mineif these explanatory variables had any appreciable effect
on N-species concentrations and loads. If significant relations
were present, these regression relations were used to estimate
the flux of N exiting the 20-acre subbasin through the flume. If
no significant relations existed, a graphical method was used.
The graphical method involved plotting the constituent values
over time, and interpolating between the sample collection
dates so that concentrations could be multiplied by the dis-
charge record to estimate daily fluxes of N from the 20-acre
subbasin. The discharge record from the flume was separated
into low-flow and stormflow periods prior to these flux estima-
tions; thus, low-flow and stormflow N fluxeswere estimated on
amonthly basis.

Underflow

One potential loss of N from the 20-acre subbasin was
through underflow. Underflow was water that discharged from
the 20-acre subbasin but was not captured by the flume at the
outlet of the 20-acre subbasin. Monthly underflow values were
estimated as part of the monthly water-budget component of
thisstudy. The volume of water leaving the site from underflow
was estimated for a38-acre watershed as opposed to the 20-acre
subbasin used to study the fate and transport of N.

Theorigina source of water leaving the 38-acrewatershed
as underflow was from either effluent application or precipita-
tion. All the spray fields in the 20-acre subbasin were also
within the 38-acre watershed; thus, any effluent applied to the
20-acre subbasin was a so applied to the 38-acre watershed.
Preci pitation inputsto the 20-acre subbasin were proportionally
(based on drainage ared) less than for the 38-acre watershed.
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Volumes of water input to the 20-acre subbasin and 38-acre
watershed were totaled on amonthly basis. The monthly totals
for the 20-acre subbasin divided by the totals for the 38-acre
watershed was used as a monthly correction factor in order to
estimate the amount of underflow from the 20-acre subbasin.
Thus, the amount of underflow reported as part of the monthly
water budget was an upper maximum for the amount of under-
flow estimated for the 20-acre subbasin. If no precipitation
occurred for the month, the amount of underflow for the 20-acre
subbasin and 38-acre watershed were equal. If no effluent was
applied for the month, then the amount of underflow for the 20-
acre subbasin was 0.53 (the proportional differencein drainage
area) multiplied by the amount of underflow reported for the
38-acre watershed.

Underflow from the 20-acre subbasin had to occur from
the water-table altitude down to the depth of competent bed-
rock. The depth to competent bedrock at the bottom of the 20-
acre subbasin was 35 ft. The underflow loss of N from the
20-acre subbasin was estimated for the days when suction-
lysimeter samples were collected. N-concentration data for
water samples collected from Lysimeter nest Lys#3 and shal-
low well Ch-5177 were used to estimate the monthly amount of
N output from the 20-acre subbasin. Ch-5177 was not sampled
on the same day as the suction lysimeters, so the N concentra-
tions for Ch-5177 were interpol ated between monthly sample
datesin order to estimate an N concentration for the days the
suction lysimeters were sampled. N concentrations from
Lysimeter nest Lys#3 and Ch-5177 were weighted to reflect the
altitude of the water table for that sample date. The weighted
concentration was then applied to the monthly volume of under-
flow in order to estimate N outputs in underflow on a monthly
basis.



Quality Control

Quality-control samples were collected to insure low
bias and variability of the data. Quality-control sampleswere
collected from ground water, surface water, suction lysimeter
water, low flow and stormflow at the flume, atmospheric depo-
sition, solid soil, and plant matter.

Samples for the Water-Quality Assessment

A total of 49 quality-control samples (8 percent of thetotal
samples) was collected from the ground-water and surface-
water sites. Of these quality-control samples collected, 8 were
blanks and 41 were replicates. All three laboratory schedules
were used for analysis of the quality-control samples. The qual-
ity-control sampleswere collected from each of the 16 sampling
locations onsite.

Types of quality-control blank samples collected were
ambient, pump, and source-solution. The ambient, pump, and
source-solution blanks were collected as described in the
“National Field Manual for the Collection of Water-Quality
Data” (U.S. Geological Survey, 1997 to present). Distilled
water was used for the quality-control blank samples except for
one ambient and two source-solution blank samples for which
certified IBW was used.

In two of five ambient blanks, dissolved P was detected at
concentrations of 0.018 and 0.014 mg/L. However, dissolved P
was not detected in the other three blanks so no corrective
action was necessary. No other constituents were detected
above the reporting limitsin the ambient blanks. A pump blank
was run on the peristaltic pump used to sample the pond, and
dissolved nitrate N was detected above the reporting limit. The
concentration of dissolved nitrate N detected was 0.23 mg/L.
However, median concentrations of dissolved nitrate N for
pond samples collected prior to and during effluent application
were 8.2 and 7.8 mg/L, respectively. Therefore, the contamina-
tion was not appreciable and no corrective action wastaken. For
the two source-solution blanks, IBW was used with the annual
sampling schedule. Only dissolved auminum was detected
above the reporting limit; all other constituents were reported
near or below the reporting limit.

Theremaining 41 quality-control sampleswerereplicates.
Thirty replicate samples were from ground-water samples, and
three were from surface-water samples. These samples were
sent to the PaDEP Laboratory for analysis. Additionally, eight
replicate samples were collected concurrently and sent to both
the USGS NWQL and the PaDEP Laboratory for analysis.

To analyze the replicate samples, the percentage differ-
ence in constituent concentrations between the original sample
and thereplicate samplewas cal culated. The median percentage
differencesin constituent concentrations for all replicate sam-
ples are listed in table 10. Median percentage differencesin
constituent concentrationsthat were less than or equal to 10 per-
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cent were considered acceptable and no corrective action was
taken (Witt and others, 1992). The only constituent that did not
meet this criteriawas dissolved aluminum. The median percent-
age difference in concentration for dissolved aluminum in rep-
licate samples was 19 percent.

Four replicate samples were split and two source-solution
blanks were sent to both the USGS NWQL and the PaDEP L ab-
oratory to determinethe source of the aluminum contamination.
Concentrations of dissolved aluminum for the split replicate
samples reported by the USGS NWQL ranged between <1 and
1 pg/L, and the concentrations of dissolved aluminum for these
same samples reported by the PaDEP L aboratory ranged
between 17 and 19 pg/L . Concentrations of dissolved aluminum
for the source-solution blanks reported by the USGS NWQL
were both <1 pg/L, and the concentrations of dissolved alumi-
num reported by the PaDEP Laboratory for these sampleswere
19.2 and 11.7 pg/L.

Split replicate samples were collected concurrently using
the same filter by first filtering the PaDEP samples and then
filtering the USGS NWQL samples. The collection processes
were identical for both samples. The filters are certified to
0.1 pug/L for dissolved aluminum. The same lot of acid preser-
vative was used in the samples. However, different sampling
bottles were used. Bottles supplied by the PaDEP L aboratory
were certified to <80 pg/L for dissolved aluminum. For the
source-solution blank samples, the IBW was certified to
0.300 pg/L of dissolved aluminum. The PaDEP reporting limit
for dissolved aluminum was 10 pg/L, with an accuracy at this
level of approximately 20 percent. The source of the contami-
nation was not determined but the PaDEP-reported concentra-
tions were within the bottle certification of <80 ug/L. There-
fore, concentrations of dissolved aluminum were compromised
and were not used in the water-quality analysis for the study.

Samples for the Nitrogen Fate and Transport
Assessment

Samples collected as part of the N fate and transport objec-
tive of the study were submitted to two laboratories, the PaDEP
Laboratory and the CSU Laboratory. A total of 657 water sam-
ples from suction lysimeters, low flow and stormflow from the
outlet of the flume, PAN (to collect spray at land surface), and
atmospheric deposition were submitted to the PaDEP L abora-
tory. Five percent of these samples were quality-control sam-
ples. A total of 132 solid-soil samples and 108 plant-matter
samples were sent to CSU Laboratory for analyses. Eight per-
cent of the solid-soil samples were quality-control samples.
Fifty percent of the 108 plant-matter samples were replicates
from each of the fields sampled.

Numerous types of water-quality-control samples were
collected over the study period. Seventeen blank samples were
submitted to the PaDEP Laboratory to insure that sampling
equipment and procedures were not contributing to the concen-
tration of constituents measured at the site. Replicate samples



Table 10. Summary of median percentage differences for repli-
cate samples collected for the water-quality objective of the New
Garden Township spray-irrigation study, Chester County, Pennsyl-
vania.

[mg/L, milligrams per liter; °C, degrees Celsius; pg/L, micrograms per liter]

Constituent and units of measurement Median percentage

difference’
Monthly laboratory schedule

Nitrogen, dissolved (mg/L) 13

Nitrate nitrogen, dissolved (mg/L) 43
Nitrite nitrogen, dissolved (mg/L) 0
Ammonia nitrogen, dissolved (mg/L) 0
Ammonia nitrogen, total? (mg/L) 0
Phosphorus, dissolved (mg/L) 7.0

Orthophosphate phosphorus, dissolved (mg/L) 5.7

Quarterly laboratory schedule

Calcium, dissolved (mg/L) 18
Magnesium, dissolved (mg/L) 15
Potassium, dissolved (mg/L) 5.0
Sodium, dissolved (mg/L) 22
Bromide, dissolved (mg/L) 0
Chloride, dissolved (mg/L) .68
Fluoride, dissolved (mg/L) 0
Silica, dissolved (mg/L) 11
Sulfate, dissolved (mg/L) 75
Total dissolved solids at 180°C (mg/L) 10
Carbon, organic, dissolved (mg/L) 0
Aluminum, dissolved (pg/L) 19
Boron, dissolved (ug/L)
Iron, dissolved (ug/L)
Manganese, dissolved (ug/L)
Zinc, dissolved (ug/L)

o O O o

Annual laboratory schedule

Antimony, dissolved (pg/L)
Arsenic, dissolved (ug/L)
Barium, dissolved (ug/L)
Cadmium, dissolved (ug/L)
Chromium, dissolved (ug/L)
Copper, dissolved (ug/L)
Lead, dissolved (ug/L)
Lithium, dissolved (ug/L)
Mercury, dissolved (pg/L)
Nickel, dissolved (ug/L)
Selenium, dissolved (ug/L)
Strontium, dissolved (ug/L)

NOOOOOCDOOCOWWO O
[N

[ee]

1if one of the concentrationsin the duplicate samples was below the report-
ing limit, the value of the reporting limit was used to determine the percentage
difference.

2Surface-water and effluent samples only.
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were used to assess the adequacy of sample-collection methods
in obtaining representative samples (Witt and others, 1992).
One split sample was submitted to the PaDEP L aboratory and
USGS NWQL to check analyte concentrations between labora
tories. One nutrient reference sample with known concentra-
tions was submitted to PaDEP L aboratory to check laboratory
accuracy. Finally, two grab sampleswere collected at the outlet
of the flume during a storm to check the capacity of the auto-
matic-sampler intakesto retrieve representative storm samples.

Blank samples were processed using IBW or deionized
water from the PaDEP L aboratory that wasregularly tested and
known to have virtually no inorganic constituents. Sample-col-
lection bottles, tubing and filters used to collect the different
water-quality sampleswere al tested for contamination and vir-
tually no contamination was detected. Two of the 17 blanks had
concentrations of total N of 0.1 mg/L, which wasdlightly above
the detection limit of 0.064 mg/L. Theidentification of thetotal
N necessitated retesting; subsequent tests did not detect total N
above 0.064 mg/L. Contamination could have stemmed from
either dlightly contaminated blank water or inappropriate sam-
pling techniques. However, retesting and subseguent concentra-
tions below the detection limit alleviated any concerns about
consistent problemsin sample collection.

Results from the collection of replicate samples indicated
low variability in the percentage difference between samples
(table 11). The highest median difference in replicate samples
for the pertinent constituents was 3.5 percent for total N. This
percentage difference was well bel ow the acceptabl e criteria of
10 percent (Witt and others, 1992). Replicate sampleswere col-
lected from suction lysimeters and at the outlet of the flume.
Thevolume of water purged from the suction lysimeterslimited
the number of replicates that could be collected. Excluding
quality-control samples, 627 samples were collected from suc-
tion lysimeters, the outlet of the flume, PANSs, and atmospheric

Table 11. Summary of median percentage differences for nitro-
gen species and chloride for replicate samples collected from
either suction lysimeters or the flume outlet, New Garden Town-
ship spray-irrigation site, Chester County, Pennsylvania.

Constituent Median percentage difference

Nitrogen, total 35
Nitrogen, dissolved 2.3
Ammonia nitrogen, total 1o
Ammonia nitrogen, dissolved 0
Nitrite nitrogen, dissolved

Nitrate nitrogen, dissolved 12

Chloride, dissolved

1if one of the concentrationsin the duplicate samples was below the report-
ing limit, the value of the reporting limit was used to determine the percentage
difference.
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deposition. Seventy percent of these samples were collected
from lysimeter locations. Typical volumes of water purged
from the lysimeters were from 250 to 1,200 mL. Sample sub-
mission to the PaDEP Laboratory required anywhere from 200
to 1,200 mL; therefore, water from suction lysimeters for repli-
cate samples was limited. This limitation was the main reason
why only 5 percent of the total samples collected for the N-bud-
get component of the project were quality-control samples. The
collection of PAN samples at the site also helped to reduce the
number of replicate samples collected. For each of the 20 days
aPAN sample was collected, two panswere placed in thefield
to collect spray. The collection of two PAN samples per sample
event was considered adequate and no replicates of one of the
two samples per day were submitted to the PaDEP L aboratory
for analyses. The only constituent of concern in the PAN sam-
pleswas dissolved ammoniaN, and quality control for this con-
stituent in the spray was addressed in the quality-control meth-
ods used for effluent samples.

Other quality-control water-quality samples collected at
the sitefor the N-budget component of the project did not reveal
any problems associated with water-quality data collection and
analyses. The split water sample submitted to the USGSNWQL
and PaDEP L aboratory did not indicate any significant differ-
ences between the analytical results. The known reference sam-
ple submitted to PaDEP L aboratory indicated |aboratory results
deviated from mean recovery values by only 0.76 to 2.5 percent
for the N speciesin the sample.

Two quality-control grab samplescollected at the outlet of
the flume for comparison to samples collected concurrently by
the automatic sampler indicated amean difference of 3 percent.
The mean discharge at the time of sample collection was
0.22 ft3/s (the height of the water in the flume was approxi-
mately 0.3 ft). This discharge was considered to be representa-
tive of most storms sampled. Even though these quality-control
samplesindicated virtually no difference between grab samples
and samples collected by the automatic sampler, it was possible
that as the height of the water increased in the flume, the posi-
tion of the sample intake in the water column could affect the
representativeness of the sample. The sample intake height
above the bottom of the flume increased as the height of the
water in the flume increased. However, because the flume sur-
face was cleaned regularly to remove any deposited debris, it
was unlikely that asthe height of the water changed, the propor-
tion of suspended materials (the proportion of suspended mate-
rials recovered compared to the actual concentration of sus-
pended materials discharging through the flume) pulled by the
sample intake changed. Thus, it was concluded that the auto-
matic sampler was collecting representative samples during
storm events.

Replicate samples collected from the soil matrix indicated
median percent differences (table 12) were higher than the dif-
ferences detected in water-quality replicate samples (table 11).
The median percent difference in soil-replicate samples for
pertinent constituents ranged from 4.4 percent for redox to
22 percent for the total mass of N. The higher variability in the
solid-soil samples was expected given the difference in the

Table 12. Summary of median percentage differences for nitro-
gen species, redox, and extractable chloride for replicate samples
collected from the solid-soil matrix, New Garden Township spray-
irrigation site, Chester County, Pennsylvania.

Constituent Median percentage difference

Nitrogen 22.
Ammonium nitrogen 16.
Nitrate nitrogen 7.0
Redox potential 4.4

Chloride (water extractable) 21.7

media. Dissolved and suspended materialsin water are, in gen-
eral, homogeneously dispersed throughout the medium. Soil, on
the other hand, can be homogenous, but there isamuch greater
probability for differencesin concentration if only a small
aliquot of the soil is measured, and only small aliquots can be
measured in typical soil-laboratory settings. The variability
within one sample highlights the reason why 20 discrete sam-
ples were collected over each field and composited prior to
chemical analyses.

Effects of Spray-Irrigated Effluent on
Water Quantity

Limiting the interbasin transfer of water, from awater-
management perspective, isabenefit of land-treatment effluent
disposal. Through land application, the treated effluent is added
as recharge back to awatershed if disposal hydraulic loading
rates exceed the potential evapotranspiration rates of the site.
Testing of the spray system began in May 1999 and daily oper-
ations started in June 1999. A annual water budget was deter-
mined for the period May 1998 through April 1999 prior to
effluent application. Two water budgets were determined for
calendar years 2000 and 2001when effluent was being applied.
Monthly water-budget estimates were started in September
1999, after theinstallation of the soil-moistureinstruments, and
ended in December 2001.

Annual water budgets were determined for the study
watershed and the control Red Clay Creek watershed upstream
from the USGS streamflow-gaging station (01479820) Red
Clay Creek near Kennett Square, Pa. These annual water
budgets were compared to assist in evaluating the effects of
spray-irrigated effluent on the water quantity. Annual
evapotranspiration totals and the percentage of precipitation
accounted for by evapotranspiration for both watersheds were
compared and evaluated to determine a relation between the
two watersheds. If evapotranspiration rates and the percentage
of precipitation accounted for by evapotranspiration in the
watersheds were similar, then arelation was present and
comparing base flow and recharge quantities between the
watersheds was applicable. The base flow and estimated



recharge comparisons were used to evaluate the effects of
spray-irrigated effluent on the study watershed.

Annual Water Budget

The water-budget equation (eg. 2, p. 10) was used to cal-
culate an annual budget for the study watershed and the Red
Clay Creek watershed for the period May 1998 through April
1999 prior to effluent application (table 13). At the study water-
shed site, input from spray-irrigated effluent was zero, and the
change in soil-moisture storage was assumed to be zero. Precip-
itation totals were compiled from nearby sources and averaged
35.3in. Ground-water storage was calculated from the differ-
encein water levels from seven monitor wells that were mea-
sured in May 1998 and again in April 1999. For the Red Clay
Creek watershed, ground-water storage was determined from
three monitor wellsin the watershed. Ground-water underflow
from the Red Clay Creek watershed was assumed to be zero.

The ground-water underflow in the study watershed was
determined by first constructing water-table maps to determine
the directions of ground-water flow (fig. 13). Darcy’ s equation
was used to determine the quantity. Ground water was flowing
to the northeast in the direction of the stream. The linear dis-
tance from wells Ch-5177 and Ch-5181 to cross-sectional
area A was 600 ft (fig. 5, p. 13). The average head (water-level)
change from the valley-bottom area near wells Ch-5177 and
Ch-5181 was estimated to be 20 ft. The hydraulic conductivity
used was 10 ft/d. An average estimate of monthly ground-water
underflow losswas0.5in. Thelossof 0.5in. of water per month
over the length of the study period totaled 13.4 in. of water
losses attributable to underflow. To represent thisloss on an
annual basis, the monthly losses were summed over the annual
period.

Annual water budgetsfor the study watershed and the Red
Clay Creek watershed were determined for a period prior to
effluent application, May 1998 through April 1999. Evapo-
transpiration in the study watershed totaled 24.8 in., which
accounted for 70 percent of precipitation. Evapotranspirationin
the Red Clay Creek watershed totaled 24.2 in., which accounted
for 68 percent of precipitation. Because the evapotranspiration
totals of the two watersheds were comparable for the period
prior to effluent application, it was assumed that the Red Clay
Creek watershed could serve as an unaffected control water-
shed.

Annual water budgets were determined for Red Clay
Creek watershed for calendar years 2000 and 2001 (table 13).
These water budgets were started in January and ended in
December, when the soil-moisture deficit for the year was
assumed to be zero. Evapotranspiration accounted for 55 and
67 percent of total precipitation for 2000 and 2001, respec-
tively.

Annual water budgets for the study watershed were deter-
mined for calendar years 2000 and 2001 during effluent appli-
cation. Calculated evapotranspiration for calendar years 2000
and 2001 was 32.9 and 32.5 in., respectively, and calculated
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evapotranspiration accounted for 50 and 64 percent, respec-
tively, of the total precipitation plus the amount of spray-irri-
gated effluent. The calculated evapotranspiration percentages
in the study watershed were similar to the calculated evapo-
transpiration percentages for the Red Clay Creek watershed,
which were 55 percent in 2000 and 67 percent in 2001.

The annua crop-referenced evapotranspiration deter-
mined from data collected at the meteorological station for cal-
endar years 2000 and 2001 was 30.7 and 31.5in., respectively.
In calendar year 2000, the annual cal culated evapotranspiration
for the study watershed was 7 percent higher than the annual
determined crop-referenced evapotranspiration, and in calendar
year 2001, the annual calculated evapotranspiration for the
study watershed was 3 percent higher than the annual crop-ref-
erenced evapotranspiration. Therefore, it was assumed that the
calculated evapotranspiration values determined from the
monthly water budget analysis should be near the monthly crop-
referenced evapotranspiration values.

Monthly Water Budget

Monthly water budgets were cal culated for the period Sep-
tember 1999 through December 2001 using equation 2 (p. 10).
A summary of the monthly water-budget parametersislistedin
table 14. Using the assumption that the cal culated values of
monthly evapotranspiration, which represent actual evapotrans-
piration from the watershed, should be near the values of crop-
referenced evapotranspiration, which represent potential evapo-
transpiration. The calcul ated evapotranspiration values, how-
ever, aso include the accumulation of errors in measuring pre-
cipitation and streamflow, estimating application volumes,
estimating application that was applied within the watershed,
determining aquifer specific yield, estimating the changein
ground-water storage, estimating freewater surface evaporation
from the pond, and determining the volume of water stored in
the unsaturated zone. Thelargest error isin the determination of
the volume of water stored in the unsaturated zone because of
the numerous estimations and assumptions used in the devel op-
ment of the method. The actual errorsin any of the aforemen-
tioned measurements or determinations are unknown and are
not quantifiable. However, the cumulative error in al the esti-
mates and assumptionsis probably morethan +25 percent of the
crop-referenced evapotranspiration.

Monthly total input of precipitation and spray-irrigated
effluent to the watershed, calculated monthly evapotranspira-
tion from equation 2, and monthly crop-referenced evapotrans-
piration for the period are shown in figure 14. Negative calcu-
lated evapotranspiration values were set to zero in figure 14
becauseit isnot physically possiblefor evapotranspiration to be
negative. Theerror barson the values of crop-referenced evapo-
transpiration represent +25 percent.

The negative evapotranspiration val ues are manifestations
of error in determining the budget termsin the monthly water-
budget equation and the limitations of the developed monthly
water-budget method. The developed method islessreliable
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Figure 14. Crop-referenced and calculated evapotranspiration, spray-irrigated effluent, and monthly precipitation, New
Garden Township spray-irrigation site, Chester County, Pennsylvania, September 1999 through December 2001.

Table 13. Annual water budgets for the study watershed, New Garden Township spray-irrigation site and Red Clay Creek watershed
above the Kennett Square streamflow-gaging station (01479820), Chester County, Pennsylvania, for the period May 1998 through April
1999 prior to effluent application and for calendar years 2000 and 2001 during effluent application.

[—, not determined; N/A, not applicable]

Change in Change in Calculated Pert_:e_ntage
Precipi- Appli- Stream- ground- Ground- soil- evapo- precipitation
Time period tation cation flow water water moisture transpi- ?“d. 1
. . . underflow - application
(inches) (inches)  (inches) storage (inches) storage ration evano-
(inches) (inches) (inches) p_
transpired
Study watershed
May 1998 through April 1999 35.3 N/A 8.6 -2.7 4.6 — 24.8 70
January to December 2000 429 22.6 20.1 .07 75 49 329 150
January to December 2001 36.3 14.4 13.1 -2.8 4.6 33 325 164
Red Clay Creek watershed
May 1998 through April 1999 353 N/A 13.9 -2.7 0 — 24.2 68
January to December 2000 42.9 N/A 194 -.09 0 — 23.6 55
January to December 2001 36.3 N/A 14.7 -2.7 0 — 24.3 67

A pplies only to study watershed for calendar years 2000 and 2001.
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Table 14. Summary of monthly water-budget parameters for the New Garden Township spray-irrigation site, Chester County, Pennsyl-
vania, September 1999 through December 2001.

Inputs (inches)

Evapotranspiration (inches)

Outputs and Changes in Storage (inches)

Difference
Crop- in Pond Change
Sprav- Calculated refererI:ced calculated Ground-  €VaPO- ang Change in
Month and year Precipi- . pray evapo- and crop- Stream- ration volumetric
. irrigated . evapo- water ground- .
tation transpi- . referenced flow soil
effluent . transpi- underflow . water .
ration . evapo- change in moisture
ration . storage
transpi- storage
ration

September 1999 14.1 3.0 9.3 29 6.4 4.1 0.2 0.1 55 -5.9
October 1999 3.45 29 5.7 2.2 35 1.0 4 .04 1.0 -1.7
November 1999 251 1.9 4.6 15 31 1.0 4 -9 -7
December 1999 2.60 .99 12 1.0 A 14 5 3 2
January 2000 331 .79 3.7 9 2.8 1.0 4 -2 -8
February 2000 204 .00 -1.7 12 -2.9 16 4 -.01 -7 24
March 2000 8.25 2.7 6.5 2.6 3.9 2.7 4 3.0 -1.7
April 2000 3.64 2.0 18 2.6 -8 2.2 9 3.6 -2.8
May 2000 291 4.0 32 4.1 -9 1.9 1.0 .08 11 -2
June 2000 391 23 23 4.3 -2.0 16 4 A -1.0 24
July 2000 3.80 49 51 4.4 7 17 8 A 13 -3
August 2000 1.36 29 8 35 -2.7 15 8 .06 -11 22
September 2000 5.69 41 3.0 29 A 15 .6 .07 -2.3 33
October 2000 42 16 18 21 -3 12 .6 .03 -1.6 -.02
November 2000 2.68 .79 14 12 2 9 5 -1.6 22
December 2000 4.87 .10 4.5 8 3.7 23 3 -4 -18
January 2001 3.29 .00 18 .8 1.0 18 2 -1.2 7
February 2001 3.04 .00 -2 11 -1.3 12 4 .03 -7 22
March 2001 5.28 .00 18 17 A 13 4 -.01 .06 16
April 2001 151 49 23 30 -7 .8 4 -.03 A -16
May 2001 3.96 16 38 4.0 -3 4 3 .08 5 2
June 2001 451 32 54 4.6 .8 2.0 .6 A 21 -25
July 2001 2.78 2.7 55 4.7 .8 1.0 4 A 9 -24
August 2001 3.45 2.8 6.1 4.6 16 4 4 -2 -1.0
September 2001 491 1.9 45 3.0 14 .8 3 .07 -9 20
October 2001 43 45 17 21 -4 17 5 .04 -1.8 -1.2
November 2001 1.08 .63 -1.8 12 -3.0 .6 3 .0 -2.2 4.8
December 2001 2.03 .60 2.7 4 21 5 3 .0 -1.3 4

Total inputs minus the outputs and changes in storage may not equal calculated evapotranspiration because of rounding.



during months when certain climatic conditions occur because
of the temporal limitations of the data analysis. All analyses,
particularly estimates of changesin ground water and soil-

moi sture storage, are cal culated using datameasured on thefirst
day of the month. The effects of previous monthly antecedent
conditions, such as snowfall or large amounts of rainfall that
occur near the end of the previous month manifest in thefollow-
ing month but are not properly accounted for in this method.
Snowfall that occurs during a month but does not melt until the
end of the month or the following month has an adverse effect
on the estimates of monthly soil-moisture storage. These effects
areillustrated on figure 14. The graph of crop-referenced
evapotranspiration exhibits aregular sinusoidal pattern based
on temporal seasons, whereas the graph of calculated evapo-
transpiration is more erratic, which results because of previous
monthly antecedent conditions, climatic conditions that occur
during amonth, and error in determining budget terms.

Negative values of calculated monthly evapotranspiration
occurred during the months of February 2000, February 2001,
and November 2001 (table 14). The negative calculated evapo-
transpiration for February 2000 was because of snowfall that
fell near the end of January 2000 but did not melt until the end
of February 2000. The melting snow infiltrated the unsaturated
zone, which increased the measured soil-moisture percentages
at the end of the month, but the volume of water in the melting
snow was hot sufficient to recharge the water table. The water
levelsin February 2000 were receding (shaded ares, fig. 15),
which increased the volume of unsaturated soil available to
storewater. Because the soil-moisture profilein the unsaturated
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zone is assumed to be linear and the measured percent soil
moisture at the end of February 2000 was near the total satura-
tion percentage, the volume of water in the unsaturated zone
was overestimated. Therefore, the estimated soil-moisture stor-
agefor February 2000 was large because of climatic eventsthat
occurred in January 2000.

The negative calculated evapotranspiration for February
2001 was because of a snow event on Feb. 22 and arainfall
event on Feb. 25 that dramatically increased the measured per-
cent soil moisture at the end of the month. The high measured
percent soil moisture at the end of the month combined with the
receding water level in well Ch-5173 (shaded areg, fig. 15)
caused an overestimate of soil-moisture storage for February
2001. The increased soil-moisture storage was because of cli-
matic events during the month.

The negative calcul ated evapotranspiration for November
2001 was because of dry conditions during the months of Octo-
ber and November 2001. Precipitation and the amount of spray-
irrigated effluent totaled 0.43 and 0.45 in., respectively, for
October, and 1.08 and 0.63 in., respectively, for November
(table 14). The water level was receding during both months
(shaded area, fig. 15). The dry conditions near the end of Octo-
ber resulted in low measured percent soil moisture. A storm
deposited 0.91 in. of rain on November 24-25 and increased the
measured percent soil moisture at the end of November to near
total saturation. The precipitation did not appreciably recharge
the water-table system and the water level continued to recede,
which increased the volume of unsaturated soil available to
store water. Therefore, soil-moisture storage for November
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2001 was overestimated because of the high measured percent
soil moisture at the end of November 2001 and the receding
water level.

The method is less reliable during months with high pre-
cipitation amounts combined with normal application volumes.
The largest differences between monthly calculated and crop-
referenced evapotranspiration totals were during months of
extreme climatic conditions. On September 16, 1999, rainfall
from the remnants of Hurricane Floyd totaled 8.9 in. of rainin
a 24-hour period in the watershed. Combining the September
1999 precipitation and the amount of spray-irrigated effluent,
the total input of water for the month was 17.1 in. The differ-
ence between the calculated and crop-referenced evapotranspi-
ration for this month was 6.4 in., which was the largest differ-
ence of any month in the study period. Also, the effects of the
remnants of Hurricane Floyd appeared to last into the months of
October and November of 1999. Differences between the cal cu-
lated and crop-referenced evapotranspiration were 3.5 and
3.1in., respectively, for October and November 1999. The sec-
ond largest difference between calculated and crop-referenced
evapotranspiration wasin March 2000, when precipitation plus
the amount of spray-irrigated effluent totaled 11 in.; the differ-
encewas 3.9in.

The monthly calculated and crop-referenced evapotranspi-
rations were summed over calendar years 2000 and 2001. The
negative cal culated monthly evapotranspiration values were
used in the annual accumulations. For calendar year 2000, the
cumulative calculated evapotranspiration was 32.4 in. and the
crop-referenced evapotranspiration was 30.6 in., which isadif-
ference of 5.5 percent. For calendar year 2001, the cumulative
calculated evapotranspiration was 33.6 in. and the crop-refer-
enced evapotranspiration was 31.5 in., which is a difference of
6.8 percent. Summing the monthly evapotranspiration values
may lessen the temporal climatic variability that occurson a
monthly basis. Therefore, the devel oped method and results
may be better applied on a cumulative annual basis.

Recharge

Estimated annual recharge for the study watershed and
Red Clay Creek watershed was calculated for the period May
1998 through April 1999 prior to effluent application. Annual
recharge was 6.3 in. in the study watershed and 7.0 in. in the
Red Clay Creek watershed (using eg. 6, p. 22).

Estimated annual recharge for Red Clay Creek watershed
above Kennett Square, Pa., determined for calendar years 2000
and 2001 was 12.5 and 6.6 in., respectively. Estimated annual
recharge for the study watershed for 2000 and 2001 was 21.3
and 10.9 in., respectively. On an annua basis, when compared
to Red Clay Creek watershed above Kennett Square, Pa., the
spray irrigation increased recharge in the watershed by approx-
imately 8.8 in. in 2000 and approximately 4.3 in. in 2001. The
year-to-year difference in recharge is related directly to the
amount of water delivered to the watershed. Total water input
was 65.4 in. in 2000 (42.9 in. of precipitation and 22.6 in. of

spray-irrigated effluent). For 2001, when drought conditions
existed from July 2001 through December 2001, total water
input was50.7 in. (36.3in. of precipitation and 14.4in. of spray-
irrigated effluent). Also, during 2001, effluent was not applied
during January, February, and March, when recharge to aqui-
fers usually occurs.

In 2000, the 8.8-in. increase in recharge represented a
70-percent increase abovethat of the Red Clay Creek watershed
and was equal to 39 percent of the total annual spray-irrigated
effluent. In 2001, the 4.3-in. increase in recharge represented a
65-percent increase above that of the Red Clay Creek watershed
and was equal to 30 percent of the total annual spray-irrigated
effluent.

Monthly recharge estimates for the study watershed were
calculated using equation 6 (p. 22). Monthly recharge estimates,
precipitation, spray-irrigated effluent, base flow, changein
ground-water storage, and ground-water underflow arelistedin
table 15. Because monthly estimated ground-water underflow is
related directly to base flow in this method of estimating a
monthly water budget, any error in base-flow determination
would cause increased error in the ground-water underflow
term and increased error in the subsequent recharge estimate.
Also, ground-water underflow was estimated to be 13.4 in. over
the study period. Error in this estimate would directly affect the
amount of recharge calculated.

Monthly recharge estimates, precipitation, and quantities
of spray-irrigated effluent for the study are shown in figure 16.
A seasonal trend in recharge is apparent. Typically, recharge
increases during the winter and spring months and decreases
during the summer through the fall months. Estimated monthly
recharge equalled or exceeded 3.5 in. per month in September
1999; March, April, May, and July 2000; and June 2001
(table 15). Monthly recharge estimates for September 1999 and
March 2000 were high because of high monthly precipitation.
The high recharge estimate for April 2000 was because of high
precipitation and high amounts of spray-irrigated effluent
applied during March 2000, which saturated the application
area. Because of the saturated application area, precipitation
and spray-irrigated effluent, which fell in April, were not
evapotranspired or stored in the unsaturated zone and infiltrated
to the ground-water system. High monthly recharge estimates
for May 2000, July 2000, and June 2001 were because of the
high amounts of spray-irrigated effluent.

In southeastern Pennsylvania, recharge ratestypically are
high in the spring months of March, April, and May when
evapotranspiration ratesarelow and percent soil moistureinthe
unsaturated zone is high. Recharge rates decline through the
summer and are the lowest in the fall. Recharge rates in the
study watershed exhibited the same seasonal trend with afew
exceptions. Monthly total -recharge estimates and daily ground-
water levelsin well Ch-5173 are shown in figure 17. High
rechargeratesdid occur in two summer months because of large
volumes of spray-irrigated effluent being applied. Monthly
amounts of spray-irrigated effluent for July 2000 and June 2001
totaled 4.9 and 3.2 in., respectively. Precipitation and spray-
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Figure 16. Monthly estimated recharge, spray-irrigated effluent, and precipitation, New Garden Township spray-
irrigation site, Chester County, Pennsylvania, September 1999 through December 2001.
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spray-irrigation site, Chester County, Pennsylvania, September 1999 through December 2001.
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Table 15. Summary of monthly estimated recharge, precipitation, and spray-irrigated effluent volumes,
New Garden Township spray-irrigation site, Chester County, Pennsylvania, September 1999 through

December 2001.
L Spray- Changein o o 0d-water Recharge
Month and year Pre_clpltatlon irrigated B'c_tse flow  ground-water underflow estimates
(inches) effluent (inches) storage . . 1
(inches) (inches) (inches) (inches)
September 1999 14.1 3.0 0.2 55 0.2 59
October 1999 3.45 29 .6 1.0 4 20
November 1999 251 19 .6 -9 A4 A
December 1999 2.60 .99 9 3 5 1.7
January 2000 331 .79 .8 -2 4 1.0
February 2000 204 0 4 -7 4 5
March 2000 8.25 2.7 .8 3.0 4 4.2
April 2000 3.64 2.0 16 3.6 9 6.0
May 2000 2.91 4.0 17 11 1.0 38
June 2000 3.91 2.3 12 -10 7 9
July 2000 3.80 4.9 14 13 8 35
August 2000 1.36 2.9 14 -11 .8 11
September 2000 5.69 41 1.0 2.3 6 2
October 2000 42 16 1.0 -1.6 .6 0
November 2000 2.68 .79 .8 -16 5 0
December 2000 4.87 .04 4 -4 3 3
January 2001 3.29 0 4 -1.2 2 0
February 2001 3.04 0 4 -7 4 5
March 2001 5.28 0 .8 a1 4 13
April 2001 151 49 7 A 4 13
May 2001 3.96 16 .6 5 3 14
June 2001 451 3.2 11 2.1 .6 3.8
July 2001 2.78 2.7 .6 9 4 1.9
August 2001 3.45 2.8 .6 -2 4 8
September 2001 491 1.9 .5 -9 3 0
October 2001 43 45 .8 -1.8 5 0
November 2001 1.08 .63 5 -2.2 3 0
December 2001 2.03 .60 5 -1.3 3 0

The recharge estimates may not equal the sum of base flow, change in ground-water storage, and ground-water underflow because

of rounding.
2Negative calcul ated recharge set to 0.

irrigated effluent totaled 8.7 and 7.7 in. for those months and
estimated monthly recharge was 3.5 and 3.8 in., respectively.
No recharge was estimated for the months of September,
October, and November 2000 and January, September, Octo-
ber, November, and December 2001 because of a combination
of lower amounts of monthly precipitation during the month or
in the preceding months and lower amounts of effluent applied
during the month or in the preceding months. Therefore, the
quantity of water that either fell as precipitation or was applied
as effluent was not sufficient to increase soil moisture in the
unsaturated zone to allow recharge. For September 2001, pre-

cipitation totaled 4.9 in. and spray-irrigated effluent totaled
1.9in. Although September 2001 precipitation total was above
normal, 4.4 in. of the total monthly precipitation fell in just
3 days, which was probably to short of aduration of precipita-
tion to sufficiently increase soil moisture to allow recharge.
Rechargeis dependent on the amount of water in the unsat-
urated zone and the volume and timing of applied effluent with
respect to the timing of precipitation events. If a spray event
occurs in which the volume of spray-irrigated effluent is suffi-
cient to saturate the soil and isfollowed by aprecipitation event,
larger amounts of precipitation that would have been absorbed



to saturate the soil will now infiltrate the unsaturated zone and
recharge the watershed. Because of thisinfiltration, it is diffi-
cult to determine the amount of spray-irrigated effluent that
recharges the ground-water system on a monthly basis.

Base Flow

Anincrease in the base-flow component of streamflow
caused by spray-irrigated effluent occurred in the watershed.
A double-mass analysis was done on monthly base-flow totals
from the unnamed tributary at the spray site (01479678) and the
streamflow-gaging station at Red Clay Creek near Kennett
Square (01479820). Cumulative monthly base-flow totalsfrom
May 1998 through December 2001 were used in the analysis
(fig. 18). Assuming no changes that would affect base flow
have taken place in the Red Clay Creek watershed above the
streamflow-gaging station, the double-mass curve should be a
straight line with aconstant slope. A changein slope of the dou-
ble-mass curve indicates a change in the rel ation between these
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two stations (Searcy and Hardison, 1960). An increase in the
dope of the double-mass curve indicates an increase in base
flow at the unnamed tributary at the spray siterelativeto that at
Red Clay Creek near Kennett Square.

The slope of the double-mass curve for the period from
May 1998 to June 1999, prior to effluent application, was 0.38
(fig. 18). The slope changed substantially in October 1999. The
slope of the double-mass curve from October 1999 to April
2000 was 0.64. During that time period, base flow in the study
watershed increased 1.7 times. The increase was because of a
combination of spray-irrigated effluent and the remnants from
Hurricane Floyd. Drought conditionswere present from Juneto
September 1999 and much of the spray-irrigated effluent was
either evapotranspired or stored in the unsaturated zone. Precip-
itation input from the remnants of Hurricane Floyd increased
soil moisture to total saturation in the unsaturated zone, which
allowed inputs from the spray-irrigated effluent and precipita-
tion to recharge the ground-water system and, subsequently,
increase base flow.
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Figure 18. Double-mass curve of cumulative monthly base flow for unnamed tributary to West Branch Red Clay Creek at Kennett

Square, Pa., and Red Clay Creek near Kennett Square, Pa., May 1998 through December 2001.
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The slope of the double-mass curve from April 2000 to
November 2000 was 1.4. Base flow increased by more than a
factor of 2 from the previous period and by afactor of 3.5 from
the period prior to effluent application. Thisbreak in slopeis
related directly to the increased quantity of effluent applied dur-
ing the late spring through summer and early fall months. The
slope of the double-mass curve from November 2000 to May
2001 was 0.58. Base flow decreased by afactor of 2 from the
previous period but was till 1.5 times greater than the period
prior to effluent application. This break in slopeis related
directly to the decreased quantity of effluent applied during the
late fall through winter and early spring months. The slope of
the double-mass curve from May 2001 to December 2001 was
1.2. Base flow increased by afactor of 2 from the previous
period and increased by afactor of 3 from the period prior to
effluent application. Thisbreak in slopeisrelated directly to the
increased quantity of effluent applied during the late spring
through summer and early fall months.

Evaluation of the Effects on Water Quantity

« High monthly volumes of spray-irrigated effluent did
not always relate directly to increased monthly
recharge because recharge depends on the antecedent
soil moisture and the volume and timing of spray-irri-
gated effluent with respect to thetiming of precipitation
events. For this reason, the actual amount of spray-irri-
gated effluent that recharges the ground-water system
on amonthly basisis difficult to quantify.

e Onan annual basis, the spray irrigation increased the
recharge to the watershed. Spray irrigation increased
annual rechargein the study watershed by approxi-
mately 8.8in. in 2000 and 4.3 in. in 2001. The 8.8-in.
increase in 2000 represented a 70-percent increase in
recharge in the study watershed above that of the Red
Clay Creek watershed and is equal to 39 percent of the
total annual amount of spray-irrigated effluent. The
4.3-in. increase in 2001 represented a 65-percent
increase in recharge above that of the Red Clay Creek
watershed and was equal to 30 percent of the total
annual amount of spray-irrigated effluent. Therefore,
the spray-irrigated effluent increased recharge 65—

70 percent over the Red Clay Creek watershed, and the
increased recharge was equal to 30—39 percent of the
amount of spray-irrigated effluent over a2-year period.

» Spray-irrigated effluent increased base flow in the
watershed. The magnitude of the increase appeared to
berelated to the time of year when the application rates
increased. During the late fall through winter and into
the early spring, when application rates were low, base
flow increased by approximately 50 percent over the
period prior to effluent application. During the early
spring through summer to the late fall period, when
application rates were high, base flow increased by

approximately 200 percent over the period prior to
effluent application.

» Itwasassumed that calculated monthly evapotranspira-
tion, which represented actual evapotranspiration, and
crop-referenced evapotranspiration, which represented
potential evapotranspiration, should be similar in
value. Calculated monthly evapotranspiration also
included the accumulation of errors in measuring, esti-
mating, or determining all the water-budget termsin
the monthly water-budget equation. Summing the
monthly evapotranspiration values may lessen the tem-
poral climatic variability that occurs on a monthly
basis. Therefore, the devel oped method and resultsmay
be better applied on a cumulative annual basis. Values
of monthly calculated and crop-referenced evapotrans-
piration were summed over calendar years 2000 and
2001. For calendar year 2000, the cumulative calcu-
lated evapotranspiration was 32.4 in. and the crop-ref-
erenced evapotranspiration was 30.7 in., which isa
difference of 5.5 percent. For calendar year 2001, the
cumulative calculated evapotranspiration was 33.7 in.
and the crop-referenced evapotranspiration was
31.5in., which is adifference of 6.8 percent.

Effects of Spray-Irrigated Effluent on
Water Quality

Land-treatment systems utilize the natural processes of
plant uptake of nutrients and soil adsorption of metals and
nutrients to assimilate the effluent. The disposal of treated
effluent onto the land surface does not directly degrade stream-
water quality, unlike instream discharges. However, the
disposal may indirectly degrade streamflow if ground-water
quality, which contributes to streamflow as base flow, is
affected by the spray-irrigated effluent. In Chester County,
ground-water dischargeto streams makesup 57 to 75 percent of
streamflow (Sloto, 1994, p. 52). An assessment was done to
first characterize the effluent quality and second to determine if
the effluent was degrading the ground water and surface water
of the watershed. Changesin median concentrations of water-
quality constituents in ground water and surface water were
evaluated prior to and during effluent application to determine
the effects of effluent (see page 25). Also, time trends or
seasonal trends in ground-water and surface-water-quality
constituents were evaluated (see page 25).

A particular concern in effluent management isthetreating
or assimilation of nutrients. N-rich ground water or subsurface
flow can dischargeto streamsand degrade the quality of surface
water. Because of seasonal changes within the growing season,
land-application rates are adjusted to avoid potential ground-
water and surface-water N-enrichment problems. A compre-
hensive analysis of nutrients was done to determine if nutrient
concentrations were increasing in the ground water.



The past land-use practices of disposing of spent
mushroom substrate in parts of the watershed complicated
interpretations of water-quality data in the disposal aress,
particularly in the valley bottom near wells Ch-5176, Ch-5177,
and Ch-5181 (plate 1). In these areas, concentrations of
nutrients in ground water were elevated (>25 mg/L), even
prior to the onset of spray irrigation.

Effluent Quality

The effluent quality was characterized by analyzing sam-
plescollected from May 1999 through December 2001. Dataon
physical and chemical constituents collected in the field, nutri-
ents, major ions, minor ions, dissolved organic carbon, and total
dissolved solids of the effluent are summarized in table 16.

Concentrations of dissolved oxygen are higher in the win-
ter months and lower in the summer months because of water
temperatures and bacteriological activity in the storage lagoon.
Higher water temperatures promote higher bacteriological
activity, which consumes oxygen.

The median effluent concentrations of total and dissolved
N were 11 and 9.8 mg/L, respectively. Most of the N wasin the
form of nitrate N and organic N. However, elevated concentra-
tions of dissolved and total anmoniaN, greater than 4.0 mg/L,
were measured in March 2000 and April and June 2001. Ele-
vated concentrations of dissolved and total ammoniaN in the
effluent are the result of storage over winter months. Stratifica
tion of low dissolved oxygen watersin thelagoon lendsitself to
the higher ammonia-N concentrations because ammoniaN will
stay in solution in the reducing environment of the storage
lagoon. AmmoniaN commonly is oxidized to form nitrate N
where oxygen is present.

The median concentrations of total and dissolved Pin the
effluent were 3.26 and 2.52 mg/L, respectively. Most of thedis-
solved P wasin the form of orthophosphorus.

The concentrations of major and minor ionsin the effluent
are representative of the chemical signatures of the different
sources of water to the facility, chemicalsinherent in sewage
effluent, and chemical s associated with the treatment of sewage
effluent. The majority of the source water to thefacility isfrom
local residential developments that have wells for their water
supply. The geology of the surrounding areais underlain pre-
dominately by the Cockeysville Marble, which is a carbonate
rock. Ground water in the Cockeysville Marble has higher con-
centrations of calcium and magnesium than ground water in
other geologic formations of the Red Clay Creek watershed
(Senior, 1996). Median concentrations of cal cium and magne-
siumin water from eight ground-water samples collected inthe
Cockeysville Marble were 73 and 38.6 mg/L, respectively
(Senior, 1996). The spray siteisunderlain primarily by afelsic
gneiss. Median concentrations of calcium and magnesium in
water from 16 ground-water samples collected in the felsic
gneisswere of 24 and 7.5 mg/L, respectively. The median con-
centrations of calcium and magnesium in the effluent were 39.9
and 17.5 mg/L, respectively. Also, ground water in the Cock-
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eysville Marble typically contains higher concentrations of sul-
fate and lower concentrations of silicaand iron than other bed-
rock aquifers of the Red Clay Creek watershed (Senior, 1996).
Chemicals such as fluoride, sodium, boron, and bromide are
associated with sewage effluent. Median concentrations for
these constituents are summarized in table 16. The median con-
centration of chloride in water collected from 16 wells com-
pleted in the felsic gneiss was 9 mg/L (Senior, 1996). The
median concentration of chloride in eight wells completed in
the Cockeysville marble was 26 mg/L. Chlorineis used to treat
sewage and residual Cl results from the process. The concentra-
tion of Cl ranged from 65.7 to 180 mg/L ; the median concentra-
tion was 89.5 mg/L.

Two effluent samples were analyzed using the annual
schedule, which contained an expanded trace metalslist. These
samples were collected on October 7, 1999, and December 12,
2001. Arsenic was detected in the sampl e collected on October
7, 1999, at aconcentration of 5.4 pg/L . Barium was detected in
both samples at concentrations of 4.9 and 10.3 pg/L. Copper
was detected in both samples at concentrations of 7.2 and
9.4 ug/L. Nickel was detected in both samples at concentrations
of 17.6 and 14.9 pg/L. Strontium was detected in both samples
at concentrations of 118 and 130 pg/L. Senior (1996) reported
amedian strontium concentration of 105 pg/L in 16 water sam-
pled collected in the Red Clay Creek watershed. Antimony,
cadmium, chromium, lead, lithium, mercury, and selenium
were not detected above the reporting limit in the samples.

Ground Water

The effects of spray-irrigated effluent on ground-water
quality in the watershed was determined by nonparametric
comparison tests between the median constituent concentra-
tionsin ground-water samples collected prior to and during
effluent application. Nonparametric trend testsweredoneon all
water-quality datafor each well to determine statistically signif-
icant trends. Data from the shallow and bedrock aquifers were
analyzed separately. Also, water-quality data from the control
wellswere compared to water-quality datafrom the application
area and downgradient wells. The ground-water-quality
analyses are presented for each physical property or chemical
constituent and are summarized on the basis of topographical
setting and application area. Furthermore, the application area
was partitioned into eastern and western application areas
because of the differing thicknesses and composition of the
unconsolidated material. The unconsolidated sands of the east-
ern application areaare approximately 30 ft thick with littleclay
content. The unconsolidated sands of the western application
area are approximately 55 ft thick with an increased amount of
clay compared to the eastern part (fig. 4, p. 9).

Shallow Aquifer

Shallow wells Ch-5173 and Ch-5175 (62 and 56.5 ft,
respectively) were on the hilltop and hillside, respectively, in
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Table 16. Summary of physical and chemical properties, major and selected minor ions, nutrients, and metal concentrations in
effluent, New Garden Township spray-irrigation site, Chester County, Pennsylvania, May 1999 to December 2001.

[Unless otherwise noted, all constituents are dissolved; mg/L, milligrams per liter; pg/L, micrograms per liter; pS/cm, microsiemens per centimeter;

°C, degrees Celsius; <, less than]

Physical property or Number - 25th Median 75th .
dissolved constituent of Minimum percentile (50“1. percentile Maximum
samples percentile)
Physical or chemical property (field measurement)
Dissolved oxygen (mg/L) 25 0.3 1.0 6.4 85 15.0
pH (standard units) 32 6.9 7.4 8.4 9.6 10.2
Specific conductance (uS/cm) 32 580 626 654 698 726
Temperature (°C) 28 6.2 10.2 16.2 22.6 258
Nutrients
Nitrogen (mg/L) 32 3.0 71 9.8 11.0 19
Ammonia nitrogen (mg/L) 33 <.02 .27 .69 15 7.3
Nitrate nitrogen (mg/L) 33 .88 29 5.8 7.7 15.0
Nitrite nitrogen (mg/L) 33 .07 .20 .57 .68 21
Total nitrogen (mg/L) 33 5.0 9.2 11 13 19
Total ammonia nitrogen (mg/L) 32 <.02 34 .92 178 7.94
Phosphorus (mg/L) 30 .26 71 2.52 3.26 533
Orthophosphate phosphorus (mg/L) 31 A3 .57 2.04 281 4.48
Total phosphorus (mg/L) 30 1.17 2.00 3.26 412 125
Major ions
Calcium (mg/L) 7 320 38.6 39.9 40.8 41.7
Magnesium (mg/L) 7 16.5 17.2 175 20.5 23.1
Sodium (mg/L) 7 47.7 52.2 56.5 58.7 62.9
Potassium (mg/L) 7 15.2 16.0 16.6 16.9 17.1
Chloride (mg/L) 26 65.7 824 89.5 96.4 180
Fluoride (mg/L) 7 40 45 .50 .50 .70
Sulfate (mg/L) 7 41.0 52.3 55.2 57.3 58.8
Silica (mg/L) 7 6.8 7.6 7.9 89 113
Minor ions
Bromide (mg/L) 6 <.20 <.20 <.20 21 32
Boron (ug/L) 9 <200 <200 <200 216 310
Iron (ug/L) 13 <20 <20 40 60 750
Manganese (ug/L) 13 <10 <10 30 130 190
Zinc (ug/L) 26 <10 15 57 100 920
Other constituents and properties
Carbon, organic (mg/L as C) 7 11 13 14 14 16
Total dissolved solids! (mg/L) 7 46 240 424 447 518

IMeasured residue on evaporation to dryness at 180°C.



the western application area. Shallow wells Ch-5180 and
Ch-5179 (32 and 39 ft, respectively) were on the hilltop and
hillside, respectively, in the eastern application area. Shallow
wellsCh-5177 and Ch-5181 (35 and 40 ft, respectively) werein
the valley bottom, downgradient from the application area
(plate 1). These wells were on or near historical mushroom
composting areas. The presence of the spent mushroom sub-
strate and the leaching of compounds from the spent mushroom
substrate did affect the ground-water quality in these wells.
Shallow well Ch-5183 wasin Control (2) on the hilltop

(plate 1).

Some constituents in water samples from control well
Ch-5183 had significant differences in the median concentra-
tions of samples collected prior to and during effluent applica-
tion. These differences were either because of the inherent cli-
matic conditions during the study or the effects of some effluent
that was sprayed infrequently on Control (2). Because of these
differences, direct comparisons between median concentrations
from the control wells and the application wellswere not made.
However, percentage differences in median concentrationsin
control wells prior to and during application were compared to
percentage differences in median concentrationsin application-
areawells.

Physical Properties and Chemical Constituents Measured
in the Field

The median values of physical properties and chemical
congtituents measured in the field in water samples from shal-
low monitor wells collected prior to and during effluent appli-
cation and results of the Wilcoxon rank sum test and the Mann-
Kendall test for trends are summarized in table 17. Because
some effluent was applied to Control (2), comparison statistical
tests of datafrom Control (2) collected prior to and during efflu-
ent application were done. No significant differences between
samples collected prior to or during effluent application were
evident, and no trends over the length of the study period were
evident for pH and water temperature in water from shallow
wells on the application area and the valley-bottom area or the
control well.

M edian specific conductances were significantly different
in water samples collected from wells Ch-5173, Ch-5179,
Ch-5181, and Ch-5183 prior to and during effluent application.
Statistically significant upward trends in specific conductance
were evident in water samples from wells Ch-5179 and
Ch-5180 in the eastern application area and the control well
Ch-5183. A statistically significant downward trend in specific
conductance was evident in water samples from well Ch-5181
in the valley-bottom area.

Median alkalinity concentrations were significantly differ-
ent in water samples collected from well Ch-5179 prior to and
during effluent application. Statistically significant upward
trendsin alkalinity concentrations were evident in water sam-
plesfromwells Ch-5179 and Ch-5180in the eastern application
area and the control well Ch-5183.
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Median concentrations of dissolved oxygen were signifi-
cantly different in water samples collected from well Ch-5179
and Ch-5181 prior to and during effluent application. Statisti-
cally significant downward trends in concentrations of dis-
solved oxygen were evident in water samples from wells
Ch-5177 and Ch-5179 and control well Ch-5183. The data for
concentrations of dissolved oxygen wereinsufficient to analyze
for differencesin medians prior to or during effluent application
or trends in water from wells Ch-5173, Ch-5175, and Ch-5180.

Of the physical properties and chemical constituents
measured in the field, it is apparent that the spray-irrigated
effluent isincreasing the specific conductance of water from
wells Ch-5179 and Ch-5180, which are on the eastern
application area. The median specific conductance of the
effluent was 654 pS/cm. The median application specific
conductance was greater than the median in water collected
fromwell Ch-5179 prior to effluent application, and an upward
time trend was evident. The median specific conductance in
water from well Ch-5179 during the application period was
87 percent higher than in the period prior to effluent application.
In water from control well Ch-5183, the percentage increase in
median specific conductance for the periods prior to and during
effluent application was 6.6 percent. Because no samples were
collected from well Ch-5180 prior to effluent application,
comparisons could not be made. However, asignificant upward
trend in specific conductance for water from well Ch-5180 was
evident (fig. 19). Specific-conductance values for Ch-5180 at
the start of the effluent application werelessthan 100 uS/cm but
were approximately 400 uS/cm at the end of the study period.
Theincrease in specific conductance in the eastern application
area probably was because of the high sand content and the
thinner unconsolidated material, which was approximately 30 ft
thick, compared to a 50- to 60-ft thickness on the western
application area.
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Figure 19. Specific conductance of water samples from well
Ch-5180, New Garden Township spray-irrigation site, Chester
County, Pennsylvania, 1999-2001.
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Table 17. Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median values of pH, water temperature, specific conduc-
tance, alkalinity, and dissolved oxygen in water from shallow wells collected prior to and during effluent application, New Garden Township
spray-irrigation site, Chester County, Pennsylvania, May 1998 through December 2001.

[Shaded areas indicate a significant difference between water samples collected prior to and during effluent application according to Wilcoxon rank-sum test re-
sults; °C, degrees Celsius; uS/cm, microsiemens per centimeter; mg/L, milligrams per liter; —, no significant trend; U, significant upward trend; D, significant
downward trend; N, no samples collected; NA, not applicable]

Western application area

Ch-5173 (Hilltop)

Ch-5175 (Hillside)

Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior to During . Prior to During .
appli- appli- Trend Kel:dall s p-value appli- appli- Trend Kel:dall § p-value
cation cation au cation cation au
Number of samples 5 29 5 29
pH (standard units) 6.2 6.0 — — — 6.3 6.4 — — —
Water temperature (°C) 135 13.0 — — — 13.0 13.0 — — —
Specific conductance (uS/cm) 162 126 — — — 133 129 — — —
Alkalinity (mg/L) 14 17 — — — 33 29 — — —
Dissolved oxygen (mg/L) N N NA NA NA N N NA NA NA
Eastern application area
Ch-5180 (Hilltop) Ch-5179 (Hillside)
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior to During . Prior to During .
appli- appli- Trend Kel:dall s p-value appli- appli- Trend Kel:dall s p-value
cation cation u cation cation au
Number of samples 0 27 5 29
pH (standard units) N 5.7 — — — 59 6.0 — — —
Water temperature (°C) N 12.8 — — — 125 12.6 — — —
Specific conductance (uS/cm) N 276 U +0.70  0.0000 130 243 U +0.66  0.0000
Alkalinity (mg/L) N 27 U +.45 .0020 25 35 U +.42 .0006
Dissolved oxygen (mg/L) N N NA NA NA 9.6 8.0 D -.52 .0000
Downgradient valley bottom
Ch-5177 Ch-5181
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior to During . Prior to During .
appli- appli- Trend Kel:dall s p-value appli- appli- Trend Kel:dall s p-value
cation cation au cation cation au
Number of samples 5 30 5 29
pH (standard units) 5.8 5.9 — — — 6.2 6.6 — — —
Water temperature (°C) 12.6 124 — — — 14.0 12.8 — — —
Specific conductance 409 397 — — — 271 243 D -0.67 0.0000
Alkalinity 33 39 — — — 51 53 — —
Dissolved oxygen 7.0 6.6 D -0.43  0.0005 4.0 19 — — —
Control area
Ch-5183
Constituent Median Mann-Kendall trend
Prior to During Kendall's
appli- appli- Trend tau p-value
cation cation
Number of samples 5 29
pH (standard units) 6.8 6.8 — — —
Water temperature (°C) 12.0 12.2 — — —
Specific conductance (uS/cm) 195 208 U +0.60  0.0000
Alkalinity (mg/L) 69 76 U +.37 0029
Dissolved oxygen (mg/L) 7.3 6.8 D -.26 0301




Nutrients

In ground water from shallow wells, nearly all N (from 73
to 97 percent) was in the form of dissolved nitrate N with
median concentrations of dissolved nitrate N ranging from 0.23
to 24 mg/L. Dissolved P, primarily ortho P was found in low
concentrationsinwater from all shallow wellswith median con-
centrations ranging from <0.01 to 0.05 mg/L. Median concen-
trations of dissolved nitrate N in water samples collected from
wells Ch-5173, Ch-5175, Ch-5179, Ch-5177, Ch-5181, and
Ch-5183 prior to and during effluent application were signifi-
cantly different. No sampleswere collected from well Ch-5180
prior to effluent application, and median comparisons were not
done. No significant differences between median concentra-
tions of dissolved nitrite N and dissolved ammoniaN in sam-
ples collected prior to and during effluent application were evi-
dent. The results of the Wilcoxon rank-sum test, the Mann-
Kendall test for trends, and the median concentrations of N spe-
ciesin water samplesfrom shallow wells collected prior to and
during effluent application are summarized in table 18.

Time trends for concentrations of dissolved N and dis-
solved nitrate were evident. Because dissolved nitrate N made
up 73, 84, and 81 percent of dissolved N in water from wells
Ch-5173, Ch-5179, and Ch-5180, respectively, the trend analy-
siswas done for dissolved nitrate-N concentrations, not dis-
solved N. Statistically significant upward trendsin concentra-
tions of dissolved nitrate N were evident in water from well
Ch-5173 onthewestern application areaand wellsCh-5179 and
Ch-5180 on the eastern application area (fig. 20). Because dis-
solved nitrate N made up 85 percent of dissolved N in water
from well Ch-5183, the trend analysis was done for dissolved
nitrate-N concentrations, not dissolved N. Statistically signifi-
cant upward trends in concentrations of dissolved nitrate N
were evident in water from control well Ch-5183. Because dis-
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Figure 20. Concentrations of dissolved nitrate nitrogen in water
from wells Ch-5179 and Ch-5180 on the eastern application area
and well Ch-5173 on the western application area prior to and dur-
ing effluent application, New Garden Township spray-irrigation
site, Chester County, Pennsylvania, 1998-2001.
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solved nitrate N made up 97 and 88 percent of dissolved N in
water fromwells Ch-5177 and Ch-5181, respectively, thetrend
analysis was done for dissolved nitrate-N concentrations, not
dissolved N. Statistically significant downward trendsin con-
centrations of dissolved nitrate N were evident in water from
valley-bottom wells Ch-5177 and Ch-5181 (fig. 21). No time
trendswere evident for dissolved nitrite N and dissolved ammo-
niaN inwater from all wells completed in the shallow aquifer.

Spray-irrigated effluent increased the concentration of dis-
solved nitrate N in ground water inwell Ch-5173 onthewestern
application hilltop areaand wells Ch-5179 and Ch-5180 on the
eastern application area. The distribution of concentrations of
dissolved nitrate N in monitor wells Ch-5173, Ch-5175, and
Ch-5179 prior to and during effluent application are shown in
figure 22. The percentage increase in median concentrations of
dissolved nitrate N for water collected from wells Ch-5173,
Ch-5175, and Ch-5179 prior to and during effluent application
was 115, 7, and 155 percent, respectively; the percentage
increase in median concentrations of dissolved nitrate N for
water collected from control well Ch-5183 prior to and during
effluent application was 18.3 percent. For water samples from
well Ch-5180, concentrations of dissolved nitrate N at the start
of effluent application werelessthan 1 mg/L ; concentrations of
dissolved nitrate N steadily increased throughout the study
period and were greater than 3 mg/L at the end of the study
period. The median concentration of dissolved nitrate N in the
effluent applied to the surface in spray irrigation was 5.8 mg/L.

Spray-irrigated effluent did not increase the concentration
of dissolved nitrate N in well Ch-5175 on the western hillside
application areaduring the study period. Perhaps because of the
less-permeable higher clay content in the unconsolidated mate-
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Figure 21. Concentrations of nitrate nitrogen in water from wells

Ch-5177 and Ch-5181 in the valley-bottom area prior to and during
effluent application, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, 1998-2001.
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Table 18. Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median concentrations of dissolved nitrogen species in wa-
ter from shallow monitor wells collected prior to and during effluent application, New Garden Township spray-irrigation site, Chester County,
Pennsylvania, May 1998 through December 2001.

[AIll constituents are in milligrams per liter. Shaded areas indicate a significant difference between water samples collected prior to and during effluent application
according to Wilcoxon rank-sum test results. —, no significant trend; U, significant upward trend; D, significant downward trend; N, no samples collected; <, less

than]

Western application area

Ch-5173 (Hilltop) Ch-5175 (Hillside)
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior to During , Prior to During .
appli- appli- Trend Ker:;l:ll s p-value appli- appli- Trend Ker:;lzll s p-value
cation cation cation cation
Number of samples 5 30 5 30
Dissolved nitrate nitrogen .23 .50 U +0.93 0.0000 77 .83 — — —
Dissolved nitrite nitrogen <.01 <.04 — — — <.01 <.04 — — —
Dissolved ammonianitrogen <.02 <.02 — — — <.02 <.02 — — —
Eastern application area
Ch-5180 (Hilltop) Ch-5179 (Hillside)
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior to During . Prior to During .
appli- appli- Trend Ke:::ll s p-value appli- appli- Trend Ke:::ll s p-value
cation cation cation cation
Number of samples N 27 5 29
Dissolved nitrate nitrogen N 15 U +0.68  0.0000 .66 1.69 U +0.41  0.0006
Dissolved nitrite nitrogen N <.04 — — — <.01 <.04 — — —
Dissolved ammonianitrogen N <.02 — — — <.02 <.02 — — —
Downgradient valley bottom
Ch-5177 Ch-5181
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior to During . Prior to During .
appli- appli- Trend Ke'::ﬂ" s p-value appli- appli- Trend Ker:::ll s p-value
cation cation cation cation
Number of samples 5 30 5 29
Dissolved nitrate nitrogen 239 15.2 D -0.68  0.0000 8.65 3.86 D -0.68  0.0000
Dissolved nitrite nitrogen <.01 <.04 — — — .04 <04 — — —
Dissolved ammonianitrogen <.02 <.02 — — — A1 <.02 — — —
Control area
Ch-5183
Constituent Median Mann-Kendall trend
Prior to During ,
appli- appli- Trend Ker:;l:ll s p-value
cation cation
Number of samples 5 29
Dissolved nitrate nitrogen 2.89 342 U +0.71  0.0000
Dissolved nitrite nitrogen <.01 <.04 — — —
Dissolved ammonianitrogen <.02 <.02 — — —
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Figure 22. Concentrations of nitrate nitrogen in water
from monitor wells Ch-5173 and Ch-5175 on the western
application area and well Ch-5179 on the eastern appli-
cation area prior to and during effluent application, New
Garden Township spray-irrigation site, Chester County,
Pennsylvania, 1998-2001.

rial near well Ch-5175, water has longer residence timein the

soil, and nitrate N is consumed by plant and microbial activity.

Concentrations of dissolved nitrate N in valley-bottom
wells Ch-5177 and Ch-5181 decreased (fig. 23). The hydraulic
loading of the effluent, which contains alower concentration of
N, wasflushing the nitrate N from the areas of spent mushroom
substrate and lowering the nitrate-N concentrations. The
median concentrations of nitrate N for water collected from
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Figure 23. Concentrations of dissolved nitrate nitrogen in
water from wells Ch-5177 and Ch-5181 in the valley-bottom
area prior to and during effluent application, New Garden
Township spray-irrigation site, Chester County, Pennsylva-
nia, 1998-2001.

wells Ch-5177 and Ch-5181 during effluent application were
15.0 and 3.9 mg/L, respectively.

The median concentrations of dissolved P and dissolved
orthophosphate Pin samplescollected from wellsin the shallow
aquifer during effluent application were <0.05 mg/L. The
USGS NWQL reporting limit for dissolved P was 0.05 mg/L,
and the reporting limit for dissolved orthophosphate P was
0.01 mg/L. The PaDEP Laboratory reporting limit for dissolved
P and dissolved orthophosphate P was 0.01 mg/L. Concentra-
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tions of dissolved P and dissolved orthophosphate P from water
samples collected from shallow wells prior to and during efflu-
ent application are summarized in table 19. Concentrations of
dissolved P and dissolved orthophosphate Pin all shallow wells
decreased over time. Concentrations of dissolved P in water
from well Ch-5179 in the eastern application area and control
well Ch-5183 are shown in figure 24. The median concentra-
tions of dissolved P and dissolved orthophosphate Pin the efflu-
ent applied to the site were 2.52 and 2.04 mg/L, respectively.
Thedissolved P and dissolved orthophosphate P constituentsin
the effluent were not affecting shallow ground water at the site
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Figure 24. Concentrations of dissolved phosphorus in water from

well Ch-5179 on the eastern application area and control well
Ch-5183, New Garden Township spray-irrigation site, Chester Coun-

ty, Pennsylvania, 1998-2001.

Table 19. Summary of concentrations of dissolved phosphorus and dissolved orthophosphate phosphorus in water from shallow wells
collected prior to and during effluent application, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1998-2001.

[mg/L, milligrams per liter; <, lessthan; N, no samples collected]

Number Dissolved phosphorus Dissolved orthophosphate phosphorus
U.S. Geological of . . . .
Survey samples Median During application Median During application
weII-|::l:tI::::atlon :I"I)C;)I; it_o [;::;:g aplial;li(::;:?on Minimum Median Maximum aplill;li(::;:?on Minimum Median Maximum

cation cation ML) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1ch-5173 5 30 <0.05 <0.01 0.02 0.08 0.01 <0.01 0.01 0.03
ich-5175 5 30 .08 .04 .05 19 .05 .03 .05 13
ich-5177 5 30 <.05 .02 .03 .09 .03 <.01 .02 .04
2Ch-5179 5 29 <.05 .02 .02 10 .03 <.01 .022 .03
2Ch-5180 N 27 N <.01 02 14 N <.01 <.01 25
2Ch-5181 5 29 <.05 <.01 <.01 .03 <.01 <.01 <.01 .014
3Ch-5183 5 29 <.05 <.01 .02 .05 .02 <.01 .02 .05

IMonitor well on the western part of the application area.
“Monitor well on the eastern part of the application area.

3Control well.



Major and Minor lons

Of al major and minor ions evaluated, increasing concen-
trations of Cl in water from shallow wells were the pervasive
trend. Statistically significant upward trends in concentrations
of Cl were evident in water samples from wells Ch-5173,
Ch-5179, Ch-5180, Ch-5177, and Ch-5183. Increasing concen-
trations of Cl indicated the spray-irrigated effluent was affect-
ing ground water in the shallow aquifer. The median concentra-
tions of major and minor ions in water samples collected from
shallow monitor wells prior to and during effluent application
and results of the Wilcoxon rank sum test and the Mann-Ken-
dall test for trends are summarized in table 20.

On the hilltop western application area, Cl concentrations
in water from well Ch-5173 were increasing (fig. 25). Cl con-
centrations in water collected from well Ch-5173 prior to efflu-
ent application ranged from 1.3 to 1.7 mg/L and concentrations
remained in that range until January 2000, 8 months after efflu-

10
Ch-5173
8+ Application started, .
June 1999 °
6 i
4 r ]
14
Lu o
|: o
- ° ° o
x 2 ]
L ° o ol|?® o o
o o
(%)
=
g0
930 : : .
- o
= | chs177 Application started
z / June 1999 o o
i
Q25 f . |
4
(@)
-
T
O o
20 + 4
15 | 0 ° j
10 ! 1 !
1998 1999 2000 2001
YEAR

Effects of Spray-Irrigated Effluent on Water Quality 55

ent application began. During the 2000 calendar year, the Cl
concentrations ranged from 2.2 to 2.6 mg/L. During calendar
year 2001, amarked increase in Cl concentrations occurred and
increased from 3 mg/L in March 2001 to 7.6 mg/L in December
2001. The increase may be the start of the breakthrough of Cl
that has occurred in wells Ch-5179 and Ch-5180 where the Cl
concentrations in ground water increased to near the median Cl
concentration of the spray-irrigated effluent (89.5 mg/L). How-
ever, no trend was evident in western hillsidewell Ch-5175. On
the hilltop and hillside eastern application area, Cl concentra-
tionsin water from wells Ch-5180 and Ch-5179 increased
(fig. 25). The distributions of concentrations of dissolved Cl in
monitor wells Ch-5173, Ch-5175, and Ch-5179 prior to and
during effluent application are shown in figure 26. Concentra-
tions of Cl did not increase on the western hillside application
area because of the less permeable sands and clays present in
this area near monitor well Ch-5175.
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Figure 25. Concentrations of chloride in water from shallow monitor wells Ch-5173 (western application area hilltop well), Ch-5180
(eastern application area hilltop well), Ch-5179 (eastern application area hillside well), Ch-5177 (downgradient valley-bottom well), and
Ch-5183 (control area well), New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1998-2001.
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Figure 26. Concentrations of chloride in water from wells
Ch-5173, Ch-5175, and Ch-5179 collected prior to and during
effluent application, New Garden Township spray-irrigation
site, Chester County, Pennsylvania.
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Table 20. Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median concentrations of dissolved major and
minor ions in water from shallow wells collected prior to and during effluent application, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1998 through December 2001.

[Shaded areas indicate a significant difference between water samples collected prior to and during effluent application according to Wilcoxon rank-sum test re-
sults. mg/L, milligrams per liter; ug/L, micrograms per liter; —, no significant trend; U, significant upward trend; D, significant downward trend; N, no sam-
ples collected; <, less than]

Western application area

Ch-5173 (Hilltop) Ch-5175 (Hillside)

Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior_to Durin_g Kendall's Prior_to Durillg Kendall's
appli- appli- Trend p-value appli- appli- Trend p-value
cation cation tau cation cation tau
Number of samples 4 11 4 11
Calcium (mg/L) 18 12 — — — 13 13 — — —
Magnesium (mg/L) 32 28 — — — 24 25 — — —
Sodium (mg/L) 6.0 6.5 — — — 8.0 55 — — —
Potassium (mg/L) 52 3.6 — — — 16 15 — — —
Chloride (mg/L) 1.6 25 U +0.73 0.0002 25 23 — — —
Fluoride (mg/L) <.10 <20 — — — <.10 <.20 — — —
Sulfate (mg/L) 41 33 D -.82 .0000 21 21 — — —
Silica (mg/L) 20 20 — — — 21 21 — — —
Bromide (mg/L) N <20 — — — N <20 — — —
Boron (ug/L) <16 <200 — — — <16 <200 — — —
Iron (ug/L) 35 20 — — — <10 <20 — — —
Manganese (ug/L) 59 21 — — — 14 <10 — — —
Zinc (ug/L) 164 18 — — — 178 <10 — — —
Eastern application area
Ch-5180 (Hilltop) Ch-5179 (Hillside)
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior_to Duriqg Kendall's Prior_to Duril}g Kendall's
appli- appli- Trend p-value appli- appli- Trend p-value
cation cation tau cation cation tau
Number of samples N 10 4 11
Calcium (mg/L) N 25 U +0.82 0.0013 12 25 U +0.70  0.0004
Magnesium (mg/L) N 14 U +.91 0003 41 9.2 U +.80 .0000
Sodium (mg/L) N 49 u +.96 .0002 41 49 U +.84 .0000
Potassium (mg/L) N 24 U +.78 0024 20 25 U +.80 .0000
Chloride (mg/L) N 52 U +.87 0007 .80 36 U +.93 .0000
Fluoride (mg/L) N <20 — — — <10 <.20 — — —
Sulfate (mg/L) N 15 U +.64 0123 33 22 D -74 .0001
Silica(mg/L) N 8.2 — — — 17 15 D -41 0377
Bromide (mg/L) N <20 — — — N <.20 — — —
Boron (ug/L) N <200 — — — <16 <200 — — —
Iron (ug/L) N <20 — — — <10 <20 — — —
Manganese (ug/L) N <10 — — — <4 <10 — — —
Zinc (ug/L) N 54 — — — 21 <10 — — —
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Table 20. Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median concentrations of dissolved major and
minor ions in water from shallow wells collected prior to and during effluent application, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1998 through December 2001.—Continued

[Shaded areas indicate asignificant difference between water samples collected prior to and during effluent application according to Wilcoxon rank-sum test re-
sults. mg/L, milligrams per liter; pg/L, micrograms per liter; —, no significant trend; U, significant upward trend; D, significant downward trend; N, no sam-
ples collected; <, less than]

Valley bottom
Ch-5177 Ch-5181
Constituent Median Mann-Kendall trend Median Mann-Kendall trend

Prlor_to Duru!g Kendall's Prlor_to Durufg Kendall's

appli- appli- Trend a p-value appli- appli- Trend tau p-value

cation cation cation cation
Number of samples 4 11 4 11
Calcium (mg/L) 48 47 — — — 27 27 — — —
Magnesium (mg/L) 10 9.8 — — — 6.5 6.5 — — —
Sodium (mg/L) 12 11 — — — 7.2 7.3 — — —
Potassium (mg/L) 23 22 — — — 6.4 5.4 — — —
Chloride (mg/L) 15 18 U +0.62  0.0015 75 7.0 — — —
Fluoride (mg/L) <.10 <20 — — — <.10 <20 — — —
Sulfate (mg/L) 50 56 u +.70 .0001 36 33 D -045  0.0228
Silica(mg/L) 23 23 — — — 19 17 — — —
Bromide (mg/L) N <20 — — — N <20 — — —
Boron (ug/L) <16 <200 — — — <16 <200 — — —
Iron (pug/L) <10 <20 — — — 220 60 — — —
Manganese (ug/L) <4 <10 — — — 160 54 — — —
Zinc (ug/L) 164 18 — — — 61 16 — — —

Control area
Ch-5183
Constituent Median Mann-Kendall trend

Prlor_to Duru!g Kendall's

appli- appli- Trend tau p-value

cation cation
Number of samples 4 11
Calcium (mg/L) 28 30 U +0.77  0.0001
Magnesium (mg/L) 33 39 U +.77 .0001
Sodium (mg/L) 4.2 45 — — —
Potassium (mg/L) 21 21 — — —
Chloride (mg/L) 6.0 6.8 U +.65 .0009
Fluoride (mg/L) <.10 <20 — — —
Sulfate (mg/L) 16 20 — — —
Silica(mg/L) 21 22 — — —
Bromide (mg/L) N <20 — — —
Boron (ug/L) <16 <200 — — —

Iron (pg/L) <10 <20 — — —




In water samples from the valley-bottom well, Ch-5177,
which isin the spent mushroom substrate area, concentrations
of Cl increased (fig. 25). The increasein Cl concentrations,
which occurs at the end of calendar year 2000, was probably a
result of the breakthrough of applied effluent in the valley-bot-
tom area. Cl concentrationsin water from control well Ch-5183
aso increased (fig. 25). The cause of the dight increasein
median concentrations (6.0 to 6.8 mg/L) prior to and during
effluent application isunknown but may have been the result of
the limited spraying of effluent on this area.

Statistically significant upward trendsin concentrations of
calcium, magnesium, sodium, and potassium were evident in
water from eastern application areawells, Ch-5179 and
Ch-5180 (table 20). The spray-irrigated effluent increased con-
centrations of theseionsin the eastern part of the application
area. Median concentrations of calcium, magnesium, sodium,
and potassium in the effluent were 39.9, 17.5, 56.5, 16.6 mg/L,
respectively, and the median concentrations of calcium, magne-
sium, sodium, and potassium in water from well Ch-5179 prior
to spray-irrigated effluent being applied were 12.0, 4.1, 4.1, and
2.0 mg/L, respectively. The median concentrations of calcium,
magnesium, sodium, and potassium in water collected from we
Ch-5179 during effluent application were 25, 9.2, 4.9, and
2.5mg/L, respectively. Theincreasesarearesult of thelow clay
content and thickness of the unconsolidated material in this
area

A statistically significant upward trend in concentrations
of calcium and magnesium also was evident in water from con-
trol well Ch-5183, but the percentage difference between con-
centrations measured prior to and during effluent application
was much smaller than in water from well Ch-5179. The per-
centage increase in median concentrations of calcium and mag-
nesium for water collected from well Ch-5179 prior to and dur-
ing effluent application was 108 and 124 percent, respectively;
the percentage increase in median concentrations of calcium
and magnesium for water collected from control well Ch-5183
prior to and during effluent application was 7 and 18 percent,
respectively. Concentrations of potassium and sodium did not
increase in water from control well Ch-5183.

Metals and Other Trace Constituents

The number of detections of metal and trace constituents
in water samples from shallow monitor wellsin the application
area, the valley bottom, and the control area are summarized in
table 21. Antimony, arsenic, cadmium, chromium, copper, lead,
mercury, and selenium were not detected above the reporting
limit in any water samples collected from shallow wells on the
application area.

Barium and strontium were detected in water from all
shallow wells (table 21). Both constituents occur naturally.

In the Red Clay Creek watershed, median concentrations of
barium and strontium in 16 water samples collected from
wells completed in the felsic gneiss were 59 and 105 pg/L,
respectively (Senior, 1996). The average concentrations of
barium and strontium in two effluent samples were 7.6 and
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124 pg/L, respectively. The median concentrations of bariumin
water from wells completed in the shallow aquifer ranged from
39t0 141 pg/L. In al water samples from shallow wells,
concentrations of barium were above the concentration of
barium in the effluent (Durlin and Schaffstall, 1999, 2000,
2001). Therefore, concentrations of barium are assumed to be
from natural sources. The median concentrations of strontium
in water from wells completed in the shallow aquifer ranged
from57to 170 pg/L. The average concentration of strontiumin
the effluent was below the median concentrations of strontium
in water from wells Ch-5179 and Ch-5180, which were on the
application area. Also, the median concentration of strontiumin
water from valley bottom well Ch-5177 was above the average
concentration in the effluent. The median concentration of
strontium in water from wells Ch-5173 and Ch-5175, which
were on the application area, were below the average
concentration of strontium in the effluent, however, strontium
concentrations in water from these wells did not increase
throughout the study (Durlin and Schaffstall, 1999, 2000,
2001). Therefore, concentrations of strontium detected at the
site are from natural sources.

Lithium was detected in 2 of 19 water samples collected
from shallow wells on the application area. The maximum lith-
ium concentration detected was 42 pg/L in water from well
Ch-5175. Lithium was not detected above the reporting limitin
the two effluent samples collected. Nickel was detected in 4 of
19 water samples collected in shallow wells on the application
area. Of the four sampleswith detectabl e nickel concentrations,
two samples were collected prior to application (background
samples) and the concentrationsranged from5t0 9.2 pg/L. The
maximum nickel concentration was 11 pg/L in water from well
Ch-5173, whichisnear background levels. Nickel was detected
in the two samples collected from the effluent at concentrations
of 17.6 and 14.9 pg/L. Based on background nickel concentra-
tionsin ground water collected prior to application, the metals
and trace constituents detected are not attributable to the spray-
irrigated effluent (appendix 1, table 1-1).

Antimony, arsenic, cadmium, chromium, mercury, nickel,
and selenium were not detected above thereporting limit in any
water samples collected from shallow wells in the valley-bot-
tom area. Copper and lithium were detected in 1 of 19 water
samples. The copper and lithium concentrations detected were
110 and 34 pg/L, respectively, in water from well Ch-5181.
Lead was detected in 2 of 19 water samples collected from shal-
low wellsin the valley-bottom area. The maximum lead con-
centration detected was 4.6 pg/L in water from well Ch-5181.
Lithium and lead were not detected above the reporting limit in
the two effluent samples collected. Copper was detected in both
effluent samples; however, the concentrations were 7.2 and
9.4 pg/L. Therefore, the metals and trace constituents detected
are not attributable to the spray-irrigated effluent. The wellsin
the valley-bottom area are downgradient from the spent mush-
room substrate, which could be a source of the metals (Guo and
others, 2000Db).
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Table 21. Summary of concentrations of metal and trace constituents in water from shallow monitor wells on the application area, the
valley bottom, and the control area, May 1998 through December 2001, New Garden Township spray-irrigation site, Chester County,
Pennsylvania.

[All constituent concentrations are in micrograms per liter; —, not applicable]

Western application area Eastern application area
Ch-5173 Ch-5175 Ch-5179 Ch-5180
Constituent  Number of Maximum Number of Maximum Number of Maximum Number of Maximum
samples with  concentra- samples with  concentra- samples with  concentra- samples with  concentra-
detectable tion detectable tion detectable tion detectable tion
concentrations  detected concentrations  detected concentrations  detected concentrations  detected
Antimony Oof 5 — 0of 5 — Oof 5 — Oof 4 —
Arsenic Oof 5 — Oof 5 — Oof 5 — Oof 4 —
Barium 40f 4 83 50f 5 12 50f 5 160 40of 4 140
Cadmium Oof 5 — Oof 5 — Oof 5 — Oof 4 —
Chromium Oof 5 — Oof 5 — O0of 5 — Oof 4 —
Copper Oof 5 — Oof 5 — Oof 5 — Oof 4 —
Lead Oof 5 — Oof 5 — O0of 5 — Oof 4 —
Lithium Oof 5 — lof 5 42 Oof 5 — lof4 32
Mercury Oof 5 — 0of 5 — Oof 5 — Oof 4 —
Nickel 20f5 11 lof5 5.0 Oof 5 — lof4 5.4
Selenium Oof 5 — Oof 5 — Oof 5 — Oof 4 —
Strontium 50f 5 140 50f5 81 50f5 180 40f 4 240
Valley-hottom area Control area
Ch-5177 Ch-5181 Ch-5183
Constituent  Nymberof  Maximum Numberof  Maximum Numberof  Maximum
samples with  concentra- samples with  concentra- samples with  concentra-
detectable tion detectable tion detectable tion
concentrations  detected concentrations  detected concentrations  detected

Antimony 0of 5 — 0of 5 — Oof 5 —
Arsenic Oof 5 — Oof 5 — Oof 5 —
Barium 50f5 45 50f 5 78 50f 5 58
Cadmium Oof 5 — Oof 5 — Oof 5 —
Chromium 0of 5 — 0of 5 — Oof 5 —
Copper Oof 5 — lof5 110 Oof 5 —
Lead Oof 5 — 20f5 4.6 O0of 5 —
Lithium Oof 5 — lof 5 34 Oof 5 —
Mercury Oof 5 — Oof 5 — O0of 5 —
Nickel Oof 5 — Oof 5 — Oof 5 —
Selenium Oof 5 — Oof 5 — Oof 5 —

Strontium 50f5 129 50f5 146 50f5 328




Bedrock Aquifer

Bedrock wells Ch-5172 and Ch-5174 were on the hilltop
and hillside, respectively, in the western application area. Bed-
rock well Ch-5178 was on the hillside in the eastern application
area. Bedrock well Ch-5176 was downgradient of the applica-
tion areain the valley bottom north of well Ch-5174. Bedrock
well Ch-5182 was on Control area (2) on a hilltop.

Statistically significant differencesin median concentra-
tions from sampl es collected prior to and during effluent appli-
cation and trends during the study period for physical properties
and other chemical constituents measured in thefield, nutrients,
major and minor ions, metals and other trace constituents were
determined.

Physical Properties and Chemical Constituents Measured in the
Field

For the physical propertiesand chemical constituents mea-
sured inthefield, spray-irrigated effluent did not affect the bed-
rock ground-water quality in the application area. Specific con-
ductances in water samples from wells Ch-5172 and Ch-5178
decreased, which may be part of anatural cycle (table 22). The
decreasein pH in water from well Ch-5172 and the decreasein
dissolved oxygen in water from well Ch-5174 also may be a
natural cycle. The downward trend in specific conductancein
water from well Ch-5176 probably was attributable to the
increase in hydraulic loading. The increased hydraulic loading
diluted the in-situ water of the spent mushroom substrate. The
cause of theincrease in alkalinity in water from thiswell is
unknown and may be part of a natural cycle.

Nutrients

In ground water from bedrock wells, most N (74 to
87 percent) wasin the form of dissolved nitrate N with median
concentrations of dissolved nitrate N ranging from <0.04 to
27 mg/L. Dissolved P, primarily ortho-P was found in low con-
centrations in water from all bedrock wells with median con-
centrations ranging from <0.01 to 0.016 mg/L. No significant
differences between the median concentrations of nutrientsin
samples collected prior to or during effluent application or time
trends were evident in hillside wells Ch-5174 and Ch-5178 or
in ground-water samples from control well Ch-5182. Median
concentrations of dissolved nitrate N in water samples collected
from hilltop well Ch-5172 and valley-bottom well Ch-5176
prior to and during effluent application were significantly dif-
ferent. Also, median concentrations of dissolved nitrite N in
water samples collected from valley-bottom well Ch-5176 prior
to and during effluent application were significantly different.
The results of the Wilcoxon rank-sum test, the Mann-Kendall
test for trends, and the median concentrations of N speciesin
water samples collected from bedrock wells prior to and during
effluent application are summarized in table 23.

Time trends for concentrations of dissolved N and dis-
solved nitrate were evident in water from wells Ch-5172 and
Ch-5176. Because dissolved nitrate N made up 74 and 87 per-
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cent of dissolved N in water from wells Ch-5172 and Ch-5176,
respectively, the trend analysis was done for dissolved nitrate-
N concentrations, not dissolved N. A statistically significant
upward trend in concentration of dissolved nitrate N was evi-
dent in water from hilltop well Ch-5172 on the western applica
tion area(fig. 27) A statistically significant downward trend in
concentration of dissolved nitrate N was evident in water from
valley-bottom well Ch-5176 (fig. 27). No time trends were evi-
dent for dissolved nitrite N and dissolved ammonia N in water
from all wells completed in the bedrock aquifer.

The spray-irrigated effluent increased the concentration of
dissolved nitrate N in ground water in the hilltop application
area. Although a statistically significant positive trend for
nitrate N was evident, the median concentration increased by
only 0.16 mg/L. Concentrations of dissolved nitrate N in water
collected from valley-bottom well Ch-5176 in the spent mush-
room substrate area during effluent application decreased from
concentrations prior to effluent application. The hydraulic load-
ing of the effluent flushed the nitrate N from the spent mush-
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Figure 27. Concentration of dissolved nitrate nitrogen in water
from hilltop bedrock well Ch-5172 and valley-bottom bedrock well
Ch-5176, New Garden Township spray-irrigation site, Chester
County, Pennsylvania, 1998-2001.
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Table 22. Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median values of pH, water temperature, specific
conductance, alkalinity, and dissolved oxygen in water from bedrock wells collected prior to and during effluent application, New Garden
Township spray-irrigation site, Chester County, Pennsylvania, May 1998 through December 2001.

[Shaded areas indicate a significant difference between water samples collected prior to and during effluent application according to Wilcoxon rank-sum test
results. —, no trend; U, significant upward trend; D, significant downward trend; °C, degrees Celsius, uS/cm, microsiemens per centimeter; mg/L, milligrams per

liter]
Western application area
Ch-5172 (Hilltop) Ch-5174 (Hillside)
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prlor_to Durll!g Kendall's Prlor_to Durll!g Kendall's
appli- appli- Trend tau p-value appli- appli- Trend p-value
cation cation cation cation
Number of samples 5 29 5 29
pH (standard units) 8.4 7.8 — — — 8.0 7.8 — — —
Water temperature (°C) 125 125 — — — 124 13.0 — — —
Specific conductance (uS/cm) 224 209 D -0.37 0.0016 217 219 — — —
Alkalinity (mg/L) 50.5 49.0 — — — 66.0 70.0 — — —
Dissolved oxygen (mg/L) 36 4.4 — — — 1.0 .8 — — —
Eastern application area Valley bottom
Ch-5178 (Hillside) Ch-5176
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prlor_to Durll!g Kendall's Prlor_to Durll!g Kendall's
appli- appli- Trend p-value appli- appli- Trend p-value
. . tau i . tau
cation cation cation cation
Number of samples 5 29 5 29
pH (standard units) 7.6 8.0 — — — 6.5 6.7 — — —
Water temperature (°C) 13.0 12.6 — — — 13.0 12.6 — — —
Specific conductance (LS/cm) 260 240 — — — 610 525 D -0.61  0.0000
Alkalinity (mg/L) 64.0 58.5 — — — 725 88.0 — — —
Dissolved oxygen (mg/L) Ve 7 — — — 6.1 32 — — —
Control area
Ch-5182
Constituent Median Mann-Kendall trend
Prlor_to Durll!g Kendall's
appli- appli- Trend p-value
. . tau
cation cation
Number of samples 5 29
pH (standard units) 7.9 8.0 U +0.37 0.0019
Water temperature (°C) 12.8 12.6 — — —
Specific conductance (LS/cm) 187 190 — — —
Alkalinity (mg/L) 70.0 74.0 — — —
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Table 23. Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median concentrations of dissolved nitrogen species
in water from bedrock monitor wells collected prior to and during effluent application, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1998 through December 2001.

[All constituent concentrations are in milligrams per liter. Shaded areas indicate a significant difference between water samples collected prior to and during
effluent application according to Wilcoxon rank-sum test results. —, no trend; U, significant upward trend; D, significant downward trend; <, less than]

Western application area

Ch-5172 (Hilltop)

Ch-5174 (Hillside)

Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prlor_to Duru!g Kendall's Prlor_to Durlqg Kendall's
appli- appli- Trend p-value appli- appli- Trend p-value
. . tau . . tau
cation cation cation cation
Number of samples 5 29 5 29
Dissolved nitrate nitrogen 11 .27 U +0.88 0.0000 <.05 <.04 — — —
Dissolved nitrite nitrogen <.01 <04 — — — <.01 <04 — — —
Dissolved ammonia nitrogen <.02 <.02 — — — <.02 <.02 — — —
Eastern application area Valley bottom
Ch-5178 (Hillside) Ch-5176
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prlor_to Durln_g Kendall's Prlor_to Durll!g Kendall's
appli- appli- Trend p-value appli- appli- Trend p-value
. . tau . . tau
cation cation cation cation
Number of samples 5 29 5 29
Dissolved nitrate nitrogen <.05 <.04 — — 27 16 D -0.42 00004
Dissolved nitrite nitrogen <.01 <.04 — — A3 31 — — —
Dissolved ammonia nitrogen <.02 <.02 — — .03 <.02 — — —
Control area
Ch-5182
Constituent Median Mann-Kendall trend
Prlor_to Durm_g Kendall's
appli- appli- Trend p-value
cation cation
Number of samples 5 29
Dissolved nitrate nitrogen <.050 <.040 — —
Dissolved nitrite nitrogen <.010 <.04 — —
Dissolved ammonia nitrogen .023 <.020 — —

room substrate areaand | owered the concentrations of dissolved
nitrate N. Concentrations of dissolved nitrite N in water col-
lected from well Ch-5176 increased from the period prior to
effluent application to the period during effluent application,
but the upward time trend was not significant.

Dissolved P and dissolved orthophosphate Pwerefound in
low concentrations in water from all bedrock wells. Median
concentrations of dissolved P and dissolved orthophosphate P
were below detection limits in water from wells Ch-5172 and
Ch-5174, whichwerein thewestern part of the application area,
and control well Ch-5182. Median concentration of dissolved P
and dissolved orthophosphate P in water from Ch-5178, which

was on the eastern application areawere 0.13 and <0.01 mg/L,
respectively. In water from the valley-bottom well Ch-5176,
median concentrations of dissolved P and dissolved orthophos-
phate P were 0.016 and 0.013 mg/L, respectively. Concentra-
tions of dissolved P in water from well Ch-5172 and control
well Ch-5182 are shown in figure 28. These concentrations
through time are typical of dissolved P in water from all wells
completed in the bedrock aquifer.

The dissolved P and dissolved orthophosphate P in the
effluent did not affect ground water in the bedrock at the site.
The median concentrations of dissolved P and orthophosphate
Pin the effluent were 2.52 and 2.04 mg/L, respectively. The
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Figure 28. Concentration of dissolved phosphorus in water from bedrock wells Ch-5172 and
Ch-5182, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1998-2001.

concentrations of these constituents in bedrock ground water
did not increase over time.

Major and Minor lons

Increased concentrations of Cl, which would indicate
movement of spray-irrigated effluent to the bedrock aquifer,
were only measured in water from western application hilltop
well Ch-5172 (fig. 29). Cl concentrations did not increase in
water from the hillside or the valley-bottom wells. Actually, Cl
concentrations in water from hillside well Ch-5174 and valley
bottom well Ch-5176 were trending downward. The cause of
the downward trend in Cl concentrations in water from well
Ch-5174isunknown. The downward trend in Cl concentrations
in water from valley-bottom well Ch-5176 could be from the
increased hydraulic loading diluting the in situ water. Further
evidence of this could be supported by the decreasing trend in
sodium concentrations in water from this well.

Inwater fromwell Ch-5172, upward and downward trends
in concentrations of various major ions were evident, but these
trends may be part of anatural cycle. Reese and Lee (1998), in
summarizing and analyzing trendsfor 12 years of ground-water
quality monitoring data from southeastern Pennsylvania, con-
cluded that concentrations in some analytes are increasing,
whereas others are decreasing, which may be natural ground-
water-quality cycles. Sulfate concentrations were trending
upward in water from wells Ch-5174 and were trending down-
ward in water from well Ch-5178. In water from control well
Ch-5182, potassium concentrations were trending downward.
These trends may be a natural occurring cycle. The spray-irri-
gated effluent did not affect water quality in bedrock wellson
the hillside application area. The spray-irrigated effluent may
have affected the water in the valley bottom because of dilution.
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Figure 29. Chloride concentration in water from hilltop bedrock
monitor well Ch-5172, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, 1998-2001.

The median concentrations of major and minor ionsin water
samples collected from bedrock monitor wells prior to and dur-
ing effluent application and results of the Wilcoxon rank-sum
test and the Mann-Kendall test for trends are summarized in
table 24.

Metals and Other Trace Constituents

Barium and strontium were detected in water from all
bedrock wells (table 25). In the Red Clay Creek watershed,



Table 24.
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Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median concentrations of dissolved major and minor

ions in water from bedrock monitor wells collected prior to and during effluent application, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1998 through December 2001.

[Shaded areas indicate a significant difference between water samples collected prior to and during effluent application according to Wilcoxon rank-sum test re-
sults. mg/L, milligrams per liter; pg/L, micrograms per liter; —, no trend; U, significant upward trend; D, significant downward trend; N, no samples collected;

<, lessthan]

Western application area

Ch-5172 (Hilltop)

Ch-5174 (Hillside)

Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior_to Durillg Kendall's Prior_to Durillg Kendall's
appli- appli- Trend p-value appli- appli- Trend p-value
cation cation tau cation cation a
Number of samples 4 11 4 11
Calcium (mg/L) 23 25 — — — 32 33 — — —
Magnesium (mg/L) 35 4.7 U +0.83 0.0000 34 34 — — —
Sodium (mg/L) 8.9 6.5 — — — 41 45 — — —
Potassium (mg/L) 8.4 41 D -.52 .0075 3.0 28 — — —
Chloride (mg/L) 18 20 U +.54 .0054 5.2 4.0 D -0.86  0.0000
Fluoride (mg/L) <10 <20 — — — <10 <20 — — —
Sulfate (mg/L) 49 42 D -.89 .0000 26 28 U +.39 .0467
Silica(mg/L) 15 19 U +.70 .0003 14 15 — — —
Bromide (mg/L) N <20 N <20
Boron (ug/L) <16 <200 — — — <16 <200 — — —
Iron (pg/L) 10 <20 — — — 25 60 — — —
Manganese (ug/L) 50 <10 — — — 28 24 — — —
Zinc (pg/L) 23 <10 — — — 14 <10 — — —
Eastern application area Valley bottom
Ch-5178 (Hillside) Ch-5176
Constituent Median Mann-Kendall trend Median Mann-Kendall trend
Prior_to Duriqg Kendall's Prior_to Duriqg Kendall's
appli- appli- Trend p-value appli- appli- Trend p-value
cation cation tau cation cation tau
Number of samples 4 11 4 11
Calcium (mg/L) 32 31 — — — 69 72 — — —
Magnesium (mg/L) 44 42 — — — 10 12 — — —
Sodium (mg/L) 8.0 7.2 — — — 15 12 D -0.70  0.0004
Potassium (mg/L) 8.8 5.6 — — — 9.7 55 — — —
Chloride (mg/L) 38 36 — — — 54 41 D -44 .0258
Fluoride (mg/L) <.10 <20 — — — <.10 <.20 — — —
Sulfate (mg/L) 52 48 D -0.58 0.0030 24 26 — — —
Silica(mg/L) 13 14 — — — 22 23 — — —
Bromide (mg/L) N <.20 N <.20
Boron (ug/L) <16 <200 — — — <16 <200 — — —
Iron (ug/L) 25 50 — — — <10 <20 — — —
Manganese (ug/L) 58 22 — — — 6.2 <10 — — —
Zinc (pg/L) 27 <10 — — — 43 25 — — —
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Table 24. Summary of Wilcoxon rank-sum test, Mann-Kendall test for trends, and median concentrations of dissolved major and minor
ions in water from bedrock monitor wells collected prior to and during effluent application, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1998 through December 2001.—Continued

[Shaded areas indicate a significant difference between water samples collected prior to and during effluent application according to Wilcoxon rank-sum test
results. mg/L, milligrams per liter; pg/L, micrograms per liter; —, no trend; U, significant upward trend; D, significant downward trend; N, no samples collected;
<, lessthan]

Control area

Ch-5182

Constituent Median Mann-Kendall trend

Priorto  Durin .
. 9 Kendall's
appli- appli- Trend p-value
. ! tau
cation cation

Number of samples 5 29

Calcium (mg/L) 27 29 — — —
Magnesium (mg/L) 34 35 — — —
Sodium (mg/L) 45 4.2 — — —
Potassium (mg/L) 238 26 D -045  0.0222
Chloride (mg/L) 3.2 31 — — —
Fluoride (mg/L) <10 <20 — — —
Sulfate (mg/L) 15 14 — — —
Silica(mg/L) 16 17 — — —
Bromide (mg/L) N <20

Boron (ug/L) 18 <200 — — —
Iron (ug/L) 75 60 — — —
Manganese (Lg/L) 21 21 — — —
Zinc (ug/L) 24 <10 — — —

Table 25. Summary of median concentrations of barium and strontium in water from deep bedrock
monitor wells, May 1998 through December 2001, New Garden Township spray-irrigation site, Chester County,
Pennsylvania.

[ug/L, micrograms per liter; n, number of samples]

Median concentration, in micrograms per liter

Constituent Ch-5172 Ch-5174 Ch-5176 Ch-5178 Ch-5182
(n=5) (n=b) (n=5) (n=5) (n=b)
Barium (ug/L) 75 17 300 35 11

Strontium (ug/L) 140 68 260 88 61




median concentrations of barium and strontium in 16 water
samples collected from wells completed in the felsic gneiss
were59 and 105 pg/L, respectively (Senior, 1996). Theaverage
concentrations of barium and strontium in two effluent samples
were 7.6 and 124 pg/L, respectively (appendix 1, table 1-1).
The average concentration of barium in the effluent was near or
bel ow the median concentrations of bariumin all bedrock wells.
Therefore, concentrations of barium detected at the site are
from natural sources. The average concentration of strontiumin
the effluent was below the median concentrations of strontium
in wells Ch-5172 and Ch-5176. Median concentrations of
strontium in water from wells Ch-5174 and Ch-5178 were
below the average concentration in the effluent, however,
strontium concentrations in water from these wells did not
increase throughout the study (Durlin and Schaffstall, 1999,
2000, 2001). Therefore, concentrations of strontium detected at
the siteare from natural sources. No other metals were reported
above the minimum reporting limit in water samplesfrom wells
Ch-5174, Ch-5178, and Ch-5182. Nickel was detected in one
sample at a concentration of 15.3 pg/L in water from Ch-5172.
Mercury was detected in one sample at a concentration of

0.51 pg/L in water from Ch-5176. Of the detected metal
constituents, none of the concentrations were attributable to
the spray-irrigated effluent.

Surface Water

The pond is downgradient of the application areain the
valley bottom, and the weir is downstream of the outlet of the
pond (plate 1). Water samples at the weir were collected imme-
diately downstream of the weir. There were no significant dif-
ferences in median values or concentrations of physical proper-
ties and chemical constituents measured in the field in water
samples collected from either the pond or downstream of the
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weir prior to or during effluent application. Also, there were no
time trends or seasonal patterns of physical properties and
chemical constituents measured in the field in water samples
collected from either the pond or downstream of the weir prior
to and during effluent application.

Nutrients

The differences in the median concentrations of total N,
dissolved N, dissolved nitrate N, dissolved nitrite N, total
ammoniaN, and dissolved ammonia N in water collected from
the pond or downstream of the weir prior to or during effluent
application were not significant (table 26). No timetrendsin N
compounds were evident. However, a seasonal pattern in con-
centration of dissolved nitrate N in water from the pond and
downstream of the weir was observed (fig. 30). Concentrations
of dissolved nitrate N were higher from late fall to early spring
and lower in the summer months because of nitrate N consump-
tion by plants on land, biological activity in the soil, and algae
inwater.

Differences in the median concentrations of total P,
dissolved P, and dissolved orthophosphate Pin water collected
from the pond or downstream of the weir prior to or during
effluent application were not significant (table 26). No time
trends or seasonal patternsin concentrations of P compounds
in water samples from the pond or downstream of the weir
were observed.
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Table 26. Summary of concentrations of total and dissolved nitrogen and phosphorus species in water from the pond and immediately
downstream of the weir collected prior to and during effluent application, New Garden Township spray-irrigation site, Chester County,

Pennsylvania, May 1998 through December 2001.

[All unitsarein milligrams per liter; —, not applicable; <, less than]

Number Number
of Median During application of Median During application
Site samples prior _to samples prior_to

Priorto During aPPli- Priorto During  @PPli-

appli-  appli-  €3U0" Minimum Median Maximum  appli-  appli- €3N Minimum Median Maximum

cation  cation cation  cation

Total nitrogen Dissolved nitrogen
Weir 4 28 95 47 8.0 16 — 28 — 4.3 7.9 15
Pond 4 29 10 29 9.6 17 — 30 — 17 9.2 17
Dissolved nitrate nitrogen Dissolved nitrite nitrogen
Weir 5 28 8.6 39 6.8 14 5 28 0.03 <.02 .04 .09
Pond 5 30 82 84 7.8 16 5 30 .04 <.04 .06 .16
Total ammonia nitrogen Dissolved ammonia nitrogen
Weir — 28 — <.02 <.02 .05 5 28 .03 <.02 <.02 .04
Pond — 30 — <.02 <.02 48 5 30 .05 <.02 <.02 A7
Total phosphorus Dissolved phosphorus
Weir 5 28 .06 .03 .08 15 5 28 <05 .01 .05 A4
Pond 5 29 .08 .02 A2 42 5 30 <.05 2<.01 .02 .04
Dissolved orthophosphate phosphorus

Weir 5 28 .03 <.01 .03 A3
Pond 5 30 .01 <.01 .01 .09

1U.S. Geological Survey National Water-Quality L aboratory detection limit.

2Penn:sylvaniaDepartment of Environmental Protection Laboratory detection limit.

Major and Minor lons

Manganese was the only major or minor ion with signifi-
cant differences in concentrations for water collected from the
pond or weir prior to and during effluent application (table 27).
The median concentration of manganese in water collected
from the pond prior to effluent application was 15 pg/L, and the
median concentration during effluent application was 95 pg/L.
However, no significant time trend in concentration of man-
ganese was evident in water collected from the pond. The
median concentration of manganese in water collected immedi-
ately downstream of the weir prior to effluent application was
19 pg/L, and the median concentration during effluent applica-
tion was 44 pg/L. A significant upward trend in concentration
of manganese was evident in water sampled downstream of the
weir (fig. 31). The increase in manganese concentration in
water samples collected prior to and during effluent application
could be caused by organic material entering the pond that
would establish reducing conditions with the reduced manga-
nese going into solution. The spray-irrigated effluent may have
increased the amount of organic material on the land surface
that eventually was transported to the pond, however, the

amount of organic material on the land surface was not part of
this study.

Metals and Other Trace Constituents

Barium and strontium were detected in water from all
samples from the pond. The median concentration of barium
was 74 pg/L, and the median concentration of strontium was
162 pg/L, which were above the mean effluent concentrations.
Both constituents occur naturally. Lithium was detected in one
sample from the pond at a concentration of 74 pg/L. This
concentration of lithium may be the result of metals leaching
from spent mushroom substrate. No other metals were reported
above the minimum reporting limit.

Barium and strontium were detected in water from all
samples collected downstream of the weir. The median concen-
tration of barium was 78 pg/L, and the median concentration
of strontium was 168 pg/L , which were above the mean effluent
concentrations. Lithium was detected in two samples collected
from downstream of the weir at concentrations of 48 and
25ug/L. Mercury was detected in one sample at aconcentration
of 0.43 pg/L in water from downstream of the weir. No other
metal s were reported above the minimum reporting limit. Lith-
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Table 27. Summary of median concentrations of major and selected minor ions in water from the pond
and downstream of the weir collected prior to and during effluent application, New Garden Township
spray-irrigation site, Chester County, Pennsylvania, May 1998 through December 2001.

[Shaded areas indicate a significant difference between water samples collected prior to and during effluent application
according to Wilcoxon rank-sum test results. mg/L, milligrams per liter; Ug/L, micrograms per liter; <, less than;

—, not applicable]
Weir Pond
Constituent Prior to During Prior to During
application application application application

Number of samples 4 12 4 12
Calcium (mg/L) 48 51 46 49
Magnesium (mg/L) 11 12 10 11
Sodium (mg/L) 8.2 8.2 7.8 8.4
Potassium (mg/L) 4.0 4.3 39 36
Chloride (mg/L) 30 32 28 28
Fluoride (mg/L) <.10 <.20 <.10 <20
Sulfate (mg/L) 35 34 34 35
Silica(mg/L) 94 11 8.6 11
Bromide (mg/L) — <20 — <20
Boron (ug/L) <16 <200 <16 <200
Iron (ug/L) <10 <20 <10 <20
Manganese (pg/L) 19 44 15 95

Zinc (pug/L) <20 <10 <20 <10
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ium and mercury were not detected above the reporting limit in
two sampl es collected from the effluent. Therefore, the metal
constituents detected in water from the pond and downstream of
the weir were not attributable to the spray-irrigated effluent.

Evaluation of the Effects on Water Quality

CHLORIDE, IN MILLIGRAMS PER LITER
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Spray-irrigated effluent affected the water quality of
the shallow aquifer on the hilltop of the application
area. Concentrations of nitrate N and Cl increased

in water from hilltop wells Ch-5173 and Ch-5180
(fig. 32), which are completed in the western and
eastern application areas, respectively. Also,
concentrations of calcium, magnesium, sodium, and
potassium increased in water from well Ch-5180 but
did not increase in water from well Ch-5173, probably
because of the thicker unconsolidated sands in the
western application areanear the well than other areas.
Because of the thicker sands, the western application
area probably stores greater volumes of ground water,
which might cause greater dilution of any effluent
reaching the monitor wells at the base of the shallow
aquifer. Even though the spray-irrigated effluent
increased the concentration of nitrate N in water from
well Ch-5173, the increase was small. The median
concentration of nitrate N in 5 water samples collected
from well Ch-5173 prior to effluent application was
0.23 mg/L, and the median concentration of nitrateN in
29 water samples collected during effluent application
was 0.50 mg/L. The maximum concentration of the 29
samples did not exceed 1.0 mg/L of nitrate N in water
fromwell Ch-5173. Median Cl concentrationin 4 water
samples collected from well Ch-5173 prior to effluent
application was 1.6 mg/L, and median Cl concentration
in 11 samples collected during effluent application was
2.5 mg/L. The maximum CI concentration of the

29 sampleswas 7.8 mg/L. Cl concentrations in water
from well Ch-5173 were increasing throughout the
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application of effluent. Because Cl isaconservativeion
and the median Cl concentration of the effluent is
89.5 mg/L, this trend should continue.

» Spray-irrigated effluent affected the water quality of
the shallow aquifer on the hillside in the eastern part of
the application area because of the low clay content in
the unconsolidated sands. Concentrations of nitrate N,
Cl, calcium, magnesium, sodium, and potassium
increased in water from hillsidewell Ch-5179, whichis
completed in the eastern application area shallow aqui-
fer (figs. 32 and 33). Spray-irrigated effluent did not
appear to affect the shallow aquifer on the hillside in
the western application area because of the higher clay
content of the unconsolidated sands. The median con-
centration of nitrate N in 5 water samples collected
from well Ch-5179 prior to effluent application was
0.66 mg/L and the median concentration of nitrate N in
29 water samples collected during effluent application
was 1.7 mg/L. The maximum concentration of the 29
samples did not exceed 2.0 mg/L of nitrate N in water
from well Ch-5179. A marked increase occurred with
respect to Cl concentrations. Median Cl concentration
in 4 water samples collected from well Ch-5179 prior
to effluent application was 0.80 mg/L and the median
Cl concentration in 11 samples collected during
effluent application was 36 mg/L. The maximum Cl
concentration of the 29 samples was 61 mg/L. Cl con-
centrationsin water from well Ch-5179 were increas-
ing throughout the application period. Because Cl isa
conservativeion and themedian Cl concentration of the
effluent is 89.5 mg/L, this trend should continue.

» Spray-irrigated effluent affected the water quality of
the shallow aquifer in the valley bottom. The spray-
irrigated effluent decreased nitrate N concentrations
and increased Cl concentrationsin shallow ground
water of the valley bottom near well Ch-5177. The
median concentration of nitrate N in 5 water samples
collected from well Ch-5177 prior to effluent applica-

N
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Figure 32. Concentrations of nitrate nitrogen in water from
hilltop application shallow wells Ch-5173 and Ch-5180, hill-
side application area shallow well Ch-5179, and concentra-
tions of chloride in water from wells Ch-5179 and Ch-5180,
New Garden Township spray-irrigation site, Chester County,
Pennsylvania, 1998-2001.
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tion was 24 mg/L, and the median concentration of
nitrate N in 30 water samples collected during effluent
application was 15 mg/L. The area near well Ch-5177
contained spent mushroom substrate. The decrease in
nitrate N concentrations was because the increased
hydraulic loading with spray-irrigated effluent, which
contained alower concentration of nitrate N than in-
situ ground water, flushed the nitrate N from the area.
Theincrease in Cl concentration in water from well
Ch-5177 started near the end of calendar year 2000 and
the concentrations increased through the end of the
study.

Spray-irrigated effluent affected the water quality of
the bedrock aquifer on the hilltop application area and
in the valley bottom. On the hilltop application area,
concentrations of Cl and nitrate N increased in water
from well Ch-5172, perhaps because the downward
vertical head (water-level) gradient is greatest on the
hilltop when compared to other areasin the watershed.
The vertical head difference between the unconsoli-
dated sand and bedrock aquifer on the hilltop averaged
approximately 9 ft and the vertical head difference on
the hillside averaged approximately 3 ft throughout the
study period. The breakthrough of Cl appearsto have
taken place near the start of the 2001 calendar year
(fig. 34). However, nitrate-N concentrations appeared
to increase after spray irrigation began in June 1999,
but the concentrations were low. Increasing concentra-
tions of Cl and nitrate N in water from hilltop bedrock
well Ch-5172 and shallow well Ch-5173 are shown in
figure 34. Because of the downward vertical head gra-
dientson the eastern part of the application areaand the
water quality of the shallow aquifer showing effects of
the spray-irrigated effluent, the water quality of the
bedrock aquifer in the eastern application area most
likely was affected by the spray-irrigated effluent. In
the valley bottom, concentrations of nitrate N, Cl, and
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Figure 33. Concentrations of calcium, magnesium,
sodium, and potassium in water from eastern appli-
cation area shallow well Ch-5179, New Garden
Township spray-irrigation site, Chester County,
Pennsylvania, 1998-2001.

sodium were trending downward in water from bed-
rock well Ch-5176 (fig. 35). The decreasing trendsin
these constituents perhaps result because of the
increased hydraulic loading, which would dilute the
ambient ground water.

Spray-irrigated effluent did not increase the nutrient or
other chemical constituent concentrationsin the stream
baseflow leaving thewatershed. Stormflow leaving the
watershed was not assessed. Spray-irrigated effluent
did not affect the water quality of the surface water in
the pond.
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Figure 34. Concentrations of chloride and dissolved nitrate nitro-
gen in water samples from wells Ch-5172 and Ch-5173, New Gar-

den Township spray-irrigation site, Chester County, Pennsylvania,
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Fate and Transport of Nitrogen

N input, output, and storage compartments within the
20-acre subbasin at the New Garden Township spray-irrigation
site were studied from spring 1999 through December 2001.
Spray irrigation at the site began in June 1999; thus, background
conditions prior to the site being used for spray irrigation were
not documented. A seasonal N budget was developed for the
subbasin with comparisons made to two other locations in the
study area either unaffected or only slightly affected by spray
irrigation at the site. This seasonal budget approach was used to
determine how the input of N from spray irrigation affected the
fate and transport of N within the 20-acre subbasin. Seasonal
estimates of N species for the different input, output, and stor-
age compartments were compiled using a variety of sampling
methods. Sampling frequency varied depending on the media
and whether the location was within or outside the 20-acre sub-
basin; however, results of sampling for all mediawere sufficient
for the development of a seasonal N budget.

Atmospheric Deposition

Prior to determining seasonal atmospheric deposition rates
for the 20-acre subbasin, exploratory data analysis indicated
that the N deposition rate was not significantly related to
explanatory variables that were available. The amount of N in
wet deposition was not significantly related to season, precipi-
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tation intensity or duration, or the timeinterval between precip-
itation events. The amount of N in dry deposition was not
related to the number of consecutive dry days prior to sample
collection or season. Therefore, the method used to estimate N
loads from wet and dry deposition involved interpolating
between sample results to estimate N |oads on days when sam-
ples were not collected. On days when precipitation amounts
were less than 0.10 in., a comparison was conducted between
estimated dry- and wet-deposition rates of N to determine at
what precipitation amount the wet |oad exceeded the dry load.
Precipitation events greater than 0.03 in. yielded higher esti-
mates for wet deposition of N than for dry deposition. Thus, it
was assumed that for precipitation events greater than 0.03in.,
N deposited over the 20 acres was deposited by wet precipita-
tion. If daily precipitation was|ess than or equal to 0.03 in., the
estimated deposition of N for those days was assumed to come
from dry deposition.

Data collected to determine the load of atmospheric N to
the 20-acre subbasin indicated the mgjority of N from the
atmosphere was deposited during precipitation events
(appendix 1, tables 1-2 and 1-3). Estimated loads for the time
interval when wet- and dry-deposition samples were collected,
November 1999 through September 2001, indicated about
75 percent of the load of atmospheric N was deposited during
precipitation events (table 28). The estimated load of N to the
20-acre subbasin from wet precipitation from August 26, 1999
(the first wet-precipitation sample), through December 8, 2001
(the last wet-precipitation sample), was approximately 380 Ib.

Table 28. Quarterly loads of nitrogen, ammonia nitrogen, nitrate nitrogen, and organic nitrogen deposited from wet and dry
deposition over the 20-acre subbasin, New Garden Township spray-irrigation site, Chester County, Pennsylvania,

August 1999 through December 2001.

[—, datanot available]

Wet deposition,
in pounds of nitrogen'

Dry deposition,
in pounds of nitrogen?

Date . Nitrate Ammonia Organic . Nitrate Ammonia Organic
Nitrogen . . - Nitrogen . - .
nitrogen nitrogen nitrogen nitrogen nitrogen nitrogen
Aug.—Sept. 1999 41 7.5 12 21 — — — —
Oct.—Dec. 1999 18 44 50 8.4 16 21 23 12
Jan.—Mar. 2000 72 28 26 18 58 .97 2.2 2.7
Apr.—June 2000 52 20 19 13 20 39 11 15
July—Sept. 2000 44 16 16 12 12 38 11 6.7
Oct.—Dec. 2000 32 16 9.6 6.6 8.8 2.0 .94 5.9
Jan.—Mar. 2001 31 14 9.8 6.4 7.2 3.2 1.6 24
Apr.—June 2001 47 22 18 6.7 12 4.9 25 41
July—Sept. 2001 36 18 16 15 23 4.6 26 15
Oct.—Dec. 2001 8 39 25 1.9 1.9 .36 1.0 49
Totals® 380 150 130 95 110 26 15 64

IThe first wet deposition sample was collected August 26, 1999, and the last collected December 8, 2001.
2Thefirst dry deposition sample was collected November 2, 1999, and the last collected October 11, 2001.

SColumns may not sum to totals because of rounding.
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Theestimated |oad of N from dry deposition from Nov. 2, 1999,
through October 11, 2001, was 110 |b. Thedry to wet ratio of N
deposition is comparable to ratios compiled by Lawrence and
others (2000) for 14 sites across the United States that ranged
from 0.13 to 0.69. The average monthly deposition of N to the
20-acre subbasin from November 1999 through September
2001 was approximately 20 |b. This monthly estimate of 20 Ib
of N deposition over 20 acres exceeds estimates of wet and dry
deposition of N for high-altitude sitesin the western United
States where the daily atmospheric loads were estimated to be
anywhere from 0.01 to 0.02 Ib of N per acre (Sievering and
others, 1992; Zeller and others, 2000). N deposition rates
generaly increase traveling from west to east acrossthe United
States because of increased power-plant and transportation
emissions, in addition to increased animal agriculture
(Lawrence and others, 2000). Power-plant and transportation
emissions arethe primary source of nitrate N in the atmosphere,
whereas animal production is thought to be the primary source
of ammoniaN in the atmosphere (Lawrence and others, 2000).

At the New Garden Township spray-irrigation site, the
predominant form of N in atmospheric deposition varied
depending on the mediasampled. Forty percent of thetotal N in
wet precipitation wasnitrate N, 35 percent wasammoniaN, and
25 percent was organic N. Twenty-five percent of thetotal N in
dry deposition was nitrate N, 15 percent was ammonia N, and
60 percent was organic N. For combined wet and dry periods,
approximately 35 percent of thetotal N deposited wasnitrate N;
theremaining N wasdistributed approximately equally between
ammoniaN and organic N. Analysesof wet and dry samplesdid
not detect nitrite N, so it was assumed the amount of total N in
the sample not accounted for in nitrate and anmonia N was
organic in nature. The percentage of the load of atmospheric N
in different formsis similar to results from other studiesin the
eastern United States. Scudlark and others (1998) estimated that
atmospheric deposition inputs of N to the Chesapeake Bay
watershed are 48 percent nitrate N, 31 percent ammonium N,
and 21 percent organic N. Whitall and Paerl (2001) estimated
that the wet deposition of N to a North Carolina Coastal Plain
sitewas made up of 35 percent nitrate N, 33 percent organic N,
and 32 percent ammonium N.

Effluent Nitrogen Input

Effluent inputs of N to the 20-acre subbasin were moni-
tored from June 1999 through December 2001. During this
period, approximately 135 Mgal of effluent were applied to the
spray-irrigation site. About 41 percent of this total volume fell
within the 20-acre subbasin (table 29). Amount of effluent
applied to the sitevaried by season because of the constraintson
application during the colder months. From June 1999 through
December 2001, 75 percent of the spray was applied to the
20-acre subbasin from April through September.

N loads from the spray-irrigated effluent to the 20-acre
subbasin obviously were affected by the seasonality of applica-
tions. The average monthly load of total N from April through

September was about 250 |b; the average monthly load of total
N from Octaber through March was about 90 |b. The spraying
schedule at effluent irrigation sitesis designed to maximize
application during the growing season when plant uptake of
nutrients takes place and evaporation rates are high.

Theload of N applied to the spray-irrigation site decreased
over time. The reason for this was a decrease in the volume of
effluent applied over time (table 29). Fifty percent of the total-
N load to the 20-acre subbasin from June 1999 through Decem-
ber 2001 was applied by mid-April 2000. Only about 22 percent
of thetotal-N load from June 1999 through December 2001 was
applied during the last 12 months of the study.

Approximately 5,420 Ib of N were applied to the 20-acre
subbasin through spray application from June 1999 through
mid-December 2001 (table 29). Seventy-seven percent of thisN
was in the dissolved form (anything that would pass through a
0.45 micrometer filter), and the predominant dissolved N ion
was nitrate, which accounted for about 52 percent of theload of
total N or 67 percent of theload of dissolved N. The remaining
part of the N load was made up of organic N (28 percent of the
load of total N), ammonia N (14 percent), and nitrite N (5 per-
cent). All the nitrite N and 95 percent of theammoniaN wasin
dissolved form; however, only 46 percent of the total amount of
organic N was dissolved.

In order to try to determine the fate of N in the ground-
water system after effluent application, Cl concentrations were
measured for most effluent samples collected from the spigot
(appendix 1, table 1-1). The total load of Cl applied to the 20-
acre subbasin through spray-irrigated effluent from June 1999
through mid-December 2001 was about 38,800 Ib; the load of
dissolved nitrate N was about 2,820 |b (table 29). A changein
theratio of nitrate N to Cl as effluent movesthrough the system
could be used asindirect evidence for processes such as denitri-
fication (if theratio decreases) (Focht, 1978). The mean ratio of
nitrate N to Cl for all effluent samples collected was 0.07; how-
ever, thisratio decreased over time (fig. 36). The median con-
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Figure 36. Ratio of nitrate-nitrogen to chloride concentrations in
effluent samples, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, 1999-2001.
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Table 29. The total volume of effluent applied and the load of dissolved chloride, total and dissolved ammonia nitrogen, dissolved nitrate
nitrogen, dissolved nitrite nitrogen, dissolved and total organic nitrogen, and dissolved and total nitrogen applied to the 20-acre subbasin
from spray applications, New Garden Township spray-irrigation site, Chester County, Pennsylvania, June 1999 through December 2001.

[gal, galons; Ib, pounds; —, no datal

Nitrogen, Nitrogen, Nitrogen, Nitrogen Nitrogen, Nitrogen
ammonia, ammonia, nitrate, nitrite, organic, organic,
dissolved total dissolved dissolved dissolved total

(Ib as N) (Ib as N) (Ib as N) (Ib as N) (Ib as N) (Ib as N)

Spray Chloride,
Date volume dissolved
(gal) (Ib)

Nitrogen, Nitrogen,
dissolved total
(Ib) (Ib)

Sept. 1999 3,110,000 1,790
Oct. 1999 3,080,000 1,690 26.2 273 161 35.0 36.0 142 258 365
Nov. 1999 1,940,000 1,080 13.9 14.6 130 554 25.0 36.4 174 186

2,860,000 1,810
Apr. 2000 2,130,000 1,390 35.2 54.3 145 811 19.2 35.6 207 243
May 2000 4,240,000 2,850 34.7 37.8 258 6.05 47.7 93.7 346 395

Sept. 2000 426,000
Oct. 2000 1,690,000 1,700 1.07 1.28 54.8 11.0 214 55.2 88.2 122
Nov. 2000 822,000 803 .884 1.04 42.6 1.20 8.06 17.0 52.7 61.8

Mar. 2001 0 0 0 0 0 0 0 0 0 0
Apr. 2001 512,000 361 29.7 325 941 2.52 4.67 6.14 46.3 50.5
May 2001 1,700,000 1,180 91.6 98.7 34.6 10.1 15.1 222 151 166

Sept. 2001 2,000,000 1,600 7.71 7.88 221 11.3 38.1 55.6 79.2 96.8
Oct. 2001 472,000 376 1.68 1.76 7.42 2.02 9.86 17.2 21.0 284
Nov. 2001 658,000 502 3.01 3.16 242 2.05 10.6 230 39.8 524

Total* 55,800,000 38,800 706 740 2,820 262 711 1,530 4,170 5,420

1Columns may not sum to totals because of rounding.
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Table 30. Mean soil concentrations of total nitrogen, nitrate nitrogen, and ammonium nitrogen for soll
samples collected in the six different soil-sampling areas for depths of 0-8, >8-24, >24-48, 048 inches,

New Garden Township spray irrigation site, Chester County, Pennsylvania, April 1999 through October 2001.

Total nitrogen

Nitrate nitrogen

Ammonium nitrogen

Soil-sampling Depth L s -
. (milligrams per (milligrams per (milligrams per
areas (inches) . . .
kilogram) kilogram) kilogram)
Upper 08 1,800 8.8 2.8
>8-24 400 35 2.6
>24-48 140 2.9 2.2
0-48 500 4.1 2.4
Middle 08 1,500 77 2.7
>8-24 430 34 2.3
>24-48 160 2.9 2.2
0-48 460 39 2.3
Lower 08 2,400 11. 3.2
>8-24 620 4.7 2.7
>24-48 250 3.3 2.6
0-48 720 51 2.8
Bottom 0-8 2,600 6.8 39
>8-24 720 35 3.6
>24-48 330 2.9 2.5
0-48 840 38 31
Control (1) 0-8 2,500 75 45
>8-24 1,800 35 3.6
>24-48 300 3.3 2.8
0-48 1,200 41 34
Control (2) 0-8 1,800 49 18
>8-24 800 35 1.6
>24-48 400 3.2 1.3
0-48 770 3.6 15

centration of nitrate N decreased from 5.85 to 2.38 mg/L from
2000 to 2001; the median Cl concentrations remained virtually
unchanged (88 mg/L in 2000 and 90.4 mg/L in 2001).

Samples of effluent were collected at the spigot in October
1999, July 2001, and November 2001 and analyzed for N iso-
topes (appendix 1, table 1-1). Values for 5'°N (nitrate) ranged
from 10.1 %o (nitrate-N concentration of 4.3 mg/L) for the
November 2001 sampleto 15.7 %o (nitrate-N concentration of
6.8 mg/L) for the October 1999 sample. These 3'°N values are
typical for nitrate N found in human wastewater (Heaton,
1986). The different values for 3'°N at the spigot could be
because of processes such as biological conversion of nitrate N
to organic N, denitrification, or mineralization of organic N
(Karr and others, 2001).

Solid-Soil Nitrogen Storage

The largest storage compartment for N at the study site
was the solid soil matrix. Soil sampleswere collected from six
separate areas at the study site (fig. 37). Three of these areas,

designated as Lower (lower part of the spray field), Bottom
(bottom of the 20-acre subbasin but outside of a spray field),
and Control (1), had spent mushroom substrate present over
some of the area (fig. 37). About 25 percent of the surface area
for soil-sample locations Lower and Control (1) was covered
with spent mushroom substrate; 30 percent of Bottom was cov-
ered with spent mushroom substrate. This was reflected in the
mean concentrations of total N for these areas, especially for
samples collected from the 0 to 8 in. depth interval (fig. 38).
Mean concentrations of total N for the 0-8 in. depth interval for
these three areas— L ower, Bottom, and Control (1)—were
2,400, 2,600, and 2,500 mg/kg, respectively (table 30). The
mean concentrations of total N for the 0-8 in. depth interval for
Lower, Bottom, and Control (1) were about 40 to 90 percent
higher than concentrations for four farm sitesin Lancaster for
the same depth interval (Koerkle and others, 1997). All other
areas (Upper, Middle, and Control (2)) had mean concentra-
tions of total N below 2,000 mg/kg; these concentrations aver-
aged about 3 percent higher than the concentrations reported by
Koerkle and others (1997) for the farm sitesin Lancaster
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Figure 37. Location of soil-sampling areas and known spent mushroom substrate areas, New Garden
Township spray-irrigation site, Chester County, Pennsylvania.
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and >24-48 inches, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.



County, Pa. The comparison to the farm sites indicated that
areas with spent mushroom substrate had higher total N concen-
trations because of limited plant harvest and N removal. The
farm siteshad more N harvested, and organic N pools could not
accumulate. Soil samples collected at two forested sitesin
Pennsylvania (C.A. Cravotta, 111, U.S. Geologica Survey, writ-
ten commun., 2003) had higher total N concentrations than any
of the six areas sampled at the spray-irrigation site, again indi-
cating that plant removal has alarge effect on total N poolsin
the soil. Soil samples collected from the 0-8 in. depth interval
within the spent mushroom substrate deposition areasindicated
concentrations of N were 8,600 mg/kg (for the spent mushroom
substrate in Lower and Bottom areas, hereafter identified as
MZ2) and 13,000 mg/kg (for the spent mushroom substrate near
and within Control (1), hereafter identified as MZ6)

(appendix 1, table 1-4). The N datafor MZ2 and MZ6, along
with the higher concentrations of total carbon and extractable Cl
for MZ6 and the lower redox potential for MZ2, indicated the
spent mushroom substrate at MZ2 was older. The location of
MZ2 (total areaequal to 2.25 acres) within the 20-acre subbasin
likely caused modification in the quality of subsurface drainage
water as the water moved downgradient from the spray field to
the swale and eventually discharged through the flume.

The vast maority of the N in the solid-soil phase was
organic for samples collected from April 1999 through October
2001. The average percentage of total N in organic form was
approximately 96-97 percent for al the soil samples collected.
Itistypical that the surface soil layers contain over 90 percent
of N in organic form (Stevenson, 1982a). Nitrate N and
ammonium N accounted for theremaining N fraction (table 30).
For agricultural sitesin Lancaster County, Pa., Koerkle and
others (1997) found that about 2 percent of the total N in the
solid-soil phase to adepth of 4 ft wasin the form of nitrate and
ammonium. The distribution pattern of solid-soil N down to a
depth of 4 ft was fairly consistent for each of the locations
sampled. Highest concentrations were identified in the 0-8 in.
depth interval; concentrations decreased with depth (fig. 38).
Decreasing concentrations of N with an increase in depth is
common for most soils (Stevenson, 1982b). The mean
concentration of N for all samples (except for the samples
collected in MZ2 and MZ6) collected from the 0-8 in. depth
interval was 2,100 mg/kg of N; the mean concentration of N for
the >24-48 in. depth interval was 240 mg/kg. Highest
concentrations of nitrate N and ammonium N also were found
at the surface; the lowest concentrations were in the >24-48 in.
depth interval (figs. 39 and 40); however, the percentage of the
total N in the form of nitrate and ammonium increased with an
increase in depth. Thus, as the total N concentration decreased
with an increase in depth, the percentage of the amount of N in
plant-available forms (nitrate N and ammonium N) increased.
One probable cause for thisresult isthe plant uptake of nitrate
N and ammonium N from the 0-8in. depthinterval. The highest
concentrations of nitrate N were evident for the two spent
mushroom substrate samples, MZ2 and MZ6. These samples
had nitrate-N concentrations of 103 and 256 mg/kg,
respectively. The only other soil sample that had a nitrate-N
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concentration exceeding 10 mg/kg wasthe 0-8 in. depth sample
for the Bottom location (11.3 mg/kg). For the MZ2 and MZ6
samples, even though plant uptake was occurring, the
mineralization of N from the large organic N pool available
from the deposition of spent mushroom substrate exceeded the
plant uptake rate, thus, accumulating available N. Generally,
the mineralization of organic N to nitrate N and ammonium N
occurs at arate of 2—3 percent per year (Brady, 1974, p. 426).

Time trends in solid-soil N concentrations varied
depending on N species and samplelocation. Timetrendsinthe
concentrations of total N and nitrate N in soil were not evident
from samples collected at any of the six fields (figs. 38 and 39)
(seefig. 37 for sample locations). Significant increasing time
trends were evident for concentrations of ammonium N for
some depths and sampling locations within the 20-acre
subbasin (fig. 40). Increasing trendsin ammonium N retained in
the solid-soil matrix could be attributed to (1) increased soil
moistures, (2) decreased redox potentials, or (3) increased
ammonium N retention. Increased soil moistures caused by
spray-irrigated effluent would decrease the availability of
oxygen in the soil, which causes decreased redox potential in
the soils. Significant decreasing time trends in redox potentials
(fig. 41) were evident for samples collected in the Upper,
Middle, and L ower locations. Decreasing redox potential would
inhibit nitrification, a process that converts ammonium ionsto
nitrate (Brady, 1974). Another factor that could cause increased
retention of the ammonium ion could be the input of negative
ions into the system through spray-irrigated effluent. Added
anionsto a soil system typically increases the capacity of the
system to retain cations (such as ammonium) (Nommik and
Vahtras, 1982).

The redox potential of the soil increased with an increase
in depth; thus, reductive processes (such as denitrification) had
ahigher potential of occurring near the surface. Thistrend in
redox with depth could be because of high concentrations of
organic carbon near the surface that could help to tie up oxygen
in the heterotrophic biomass. Another possibility was that the
particle-size distribution in the soil affected the redox. Personal
observation during soil-sample collection indicated that the
soil, in areas unaffected by spent mushroom substrate, had a
higher distribution of fines (silt and clay) near the soil surface.
Fine materials could hold more water than coarse material, and
anoxic conditions could more readily develop or be present. It
was typical to intersect predominantly sand below a depth of
2-3ft.

The mass of N to adepth of 4 ft was determined for each
sampling date and each soil-sampling area using concentration
dataand soil bulk-density data (table 31). Thefirst soil samples
were collected prior to spray irrigation in spring 1999, and final
samples were collected in October 2001. The summed masses
for the samplelocationsfor the 0-48in. depthinterval indicated
themassof N inthe solid-soil matrix did not change from spring
1999 to October 2001 because of spray irrigation or any other
factorsthat could affect soil chemistry. The highest mass of N
per unit areato adepth of 4 ft was in the Control (1) location.
The average mass of N to a depth of 4 ft for thislocation was
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Figure 39. Concentration of nitrate nitrogen per unit mass of soil for soil samples collected from depths of 0-8 inches,
>8-24 inches, and >24-48 inches, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.
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Figure 40. Concentration of ammonium nitrogen per unit mass and identification of significant time trends in ammonium
nitrogen for soil samples collected from depths of 0-8 inches, >8-24 inches, and >24-48 inches, New Garden Township
spray-irrigation site, Chester County, Pennsylvania, 1999-2001. (“(+)" indicates a significant increasing trend. Significant
trends over time were based on an alpha equal to 0.05.)
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Figure 41. Oxidation-reduction potential (redox) and identification of significant time trends in redox for soil samples col-
lected from depths of 0-8 inches, >8-24 inches, and >24-48 inches, New Garden Township spray-irrigation site, Chester
County, Pennsylvania, 1999-2001, 1999-2001. (“(-)" indicates a significant decreasing trend. Significant trends over time
were based on an alpha equal to 0.05.)
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Total estimated masses of nitrogen, nitrate nitrogen, and ammonium nitrogen in the solid-soil matrix to a depth of 4 feet for

the six different soil-sampling areas, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.

[Soil-sampling areas are shown on figure 37. —, no data)

Mass of constituent in the solid-soil matrix, in pounds

Soil-sampling .
area Constituent Spring  Summer Fall Spring  Summer Fall Summer Fall
1999 1999 1999 2000 2000 2000 2001 2001

Upper Nitrogen 41,000 32,000 62,000 40,000 75,000 31,000 19,000 39,000
(5.83 acres) Nitrate nitrogen 410 370 390 280 460 210 390 340
Ammonium nitrogen 210 220 77 180 210 180 240 410
Middle Nitrogen 27,000 22,000 40,000 24,000 36,000 22,000 13,000 28,000
(3.96 acres) Nitrate nitrogen 210 220 290 180 270 200 260 220
Ammonium nitrogen 120 95 26 130 130 140 190 300
Lower Nitrogen 66,000 58,000 86,000 39,000 59,000 43,000 22,000 59,000
(5.25 acres) Nitrate nitrogen 520 570 390 390 350 160 290 490
Ammonium nitrogen 190 130 30 390 180 200 200 440
Bottom Nitrogen 38,000 38,000 58,000 43,000 — 33,000 13,000 34,000
(3.06 acres) Nitrate nitrogen 150 160 260 100 — 130 190 270
Ammonium nitrogen 140 130 95 130 — 140 150 270
Control (1) Nitrogen — 100,000 77,000 150,000 — 46,000 — 48,000
(5.30 acres) Nitrate nitrogen — 410 350 240 — 160 — 330
Ammonium nitrogen — 340 21 250 — 180 — 450
Control (2) Nitrogen — — 70,000 37,000 — 31,000 — —
(3.79 acres) Nitrate nitrogen — — 330 200 — 140 — —
Ammonium nitrogen — — 19 120 — 140 — —

about 15,900 Ib/acre; for the Middle location, the average mass
of N was approximately 6,700 Ib/acre. The higher massof N per
unit areafor Control (1) was because of the presence of spent
mushroom substrate.

N masses below a depth of 4 ft were estimated in order
to determine the total amount of N in the solid-soil matrix
(table 32). Because of the sharp declinein N concentrations
with depth, the total mass of N per volume of soil was predicted
to be markedly lower below a depth of 4 ft. Nonlinear regres-
sion modelswere generated relating bulk density and N concen-
tration to depth for soil samples collected for the 0-8 in., >8—
24in., and >24-48 in. depth intervals. Extrapolation of the non-
linear regression models to competent bedrock provided esti-
mates for N mass. Given that the estimates were based on data
from upper horizons, it follows that the higher estimates for N
mass below 4 ft were predicted for soil-sample areas where the
highest concentrations of N actually were measured. The N
masses from 4 ft to competent bedrock were estimated by vary-
ing the bulk densities for the top (4 ft below land surface) and
bottom (depth of competent bedrock) of the section. The bulk
densitiesfor thetop were determined from the bulk-density data
collected for the >24-48 in. depth interval for that particular
field. The bulk densities for the bottom were estimated from
Brady (1974). Thistechnique gave arange of N massesfor each
field, as presented in table 32. The highest mass of N per unit
volume of soil for depths below 4 ft were predicted in the

Table 32. Range of estimates for the total mass of nitrogen stored
in the solid-soil matrix for depths of 4 feet to the depth of compe-
tent bedrock for the four different soil-sampling areas within the
20-acre subbasin, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, April 1999 through October 2001.

[Soil-sampling areas are shown on figure 37]

Soil-sampling Area Depth Nitrogen mass
area (acres) (feet) (pounds)
Upper 5.83 41062 20,000-40,000
Middle 3.96 41059 20,000-50,000
Lower 5.25 4t056.5 50,000-60,000
Bottom 3.06 41035 30,000-70,000
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Bottom area, with the N mass per unit volume decreasing to the
top of the 20-acre subbasin where the Upper and Middle areas
were located. The range of N mass per unit volume for the 0—
4 ft depth interval was 0.037 Ib/ft3 (Middle area) to 0.68 Ib/ft3
(Bottom area). The range of estimated N mass per unit volume
for depths below 4 ft to competent bedrock was 0.0020 b/ft3
(Upper area) to 0.012 Ib/ft3 (Bottom area).

Soil-Water Nitrogen Storage

Changes in the storage of N within the soil-water matrix
were monitored from June 1999 through December 2001. Mon-
itoring of soil water was conducted using a network of soil-suc-
tion lysimeters. Soil-suction lysimeters capture micropore soil
water or water held in the soil matrix through capillary forces
(Parizek and Lane, 1970). Water that is not held by capillary
forces, such as macropore flow or total soil saturation with ver-
tical downward movement, is not captured by soil-suction
lysimeters because the amount of tension applied to the suction
lysimeter can not overcome the downward forces moving the
water through the matrix. Therefore, changesin the soil-water
storage of N for the 20-acre subbasin were based on micropore
water. Considering that macropore flow or gravitational flow is
more transient in the system than micropore water, it is reason-
able to base changes in soil-water storage on micropore water.

The concentration of dissolved N for samples collected
from the lysimeter network indicated considerable variation
across the study site. Concentrations of dissolved N ranged
from non-detect values of less than 0.06 mg/L for lysimeter
Ch-5219to 78 mg/L for lysimeter Ch-5448 (fig. 42). Lysimeter
Ch-5219, installed at a depth of 3 ft below land surface, was
about 200 ft downgradient of spray field 2. Lysimeter Ch-5449,
also 3 ft below land surface, was immediately outside of spray
field 2 in an area historically used for spent mushroom sub-
strate disposal (plate 1 and table 9). The large differencein
concentrations between lysimeters Ch-5448 and Ch-5449
indicate that, even though both were bel ow spent mushroom
substrate, the substrate layer above lysimeter Ch-5448 was
applied more recently than the layer above lysimeter Ch-5449.
The downgradient movement of mineralized N from the
substrate layer above lysimeter Ch-5448 was evident from the
data collected for lysimeter nest Lys#4. Concentrations of
dissolved N increased with depth in nest Lys#4, ranging from
median values of 0.61 mg/L for lysimeter Ch-5567 (depth of
3 ft) to 1.9 mg/L for lysimeter Ch-5570 (depth of 15 ft), which
indicated more of the mineralized N from the spent mush-
room substrate was being recovered by the lysimeters with an
increase in depth. Water samples from lysimeter nest Lys#5
also indicated an increasing concentration of dissolved N with
anincreasein depth; concentrations of dissolved N ranged from
0.98 mg/L for lysimeter Ch-5571 (depth of 3 ft) to 10 mg/L for
lysimeter Ch-5574 (depth of 15 ft). The datafor lysimeter nest
Lys#5 indicate a source of spent mushroom substrate near the
lysimeter nest, and the deepest lysimeter in the nest, Ch-5574,
isthe lysimeter most affected by the mineralization of organic
N in the spent mushroom substrate. A local resident (Kevin

McCarthy, oral commun., 2000) did indicate the presence of a
spent mushroom substrate zone near the northwest corner of the
study area, but this substrate zone was not mapped. Lysimeters
within the spray fields (lysimeter nests Lys#1 and Lys#2) indi-
cated arange of dissolved N concentrations of 0.3 mg/L for
Ch-5211 in September 2001 to 24 mg/L for Ch-5213 in Febru-
ary 2000.

Spatial differences and depth differences within alysime-
ter nest for dissolved N concentrations al so were evident within
the 20-acre subbasin. Median concentrations for dissolved N
ranged from 1.0 mg/L for lysimeter Ch-5211 to 3.4 mg/L for
lysimeter Ch-5213 for lysimeter nest Lys#1; for nest Lys#2,
median concentrations ranged from 2.0 mg/L for lysimeter
Ch-5215t0 3.4 mg/L for lysimeter Ch-5217. For both nests, the
lowest concentrations for dissolved N were at a depth of 3 ft,
and highest median concentrationswere at adepth of 11 ft. Both
of these nests also indicated significant decreasing time trends
inthe concentration of dissolved N for all except for the deepest
lysimeters (table 33). Lysimeter nest Lys#3 indicated dramatic
differences in concentrations of dissolved N with depth. The
median concentration of dissolved N for lysimeter Ch-5219 was
0.16 mg/L ; the median concentration for lysimeter Ch-5566 (at
adepth of 13 ft, the deepest lysimeter in the nest) was 11 mg/L.
The mean concentration for all the data collected for the three
lysimeters in nest Lys#3 below lysimeter Ch-5219 was about
10 mg/L of dissolved N. The linear distance between lysimeter
nests Lys#2 and Lys#3 was approximately 380 ft. The primary
reason for major differencesin concentrations of dissolved N
between lysimeter nests Lys#1 and Lys#2 in comparison to
lysimeter nest Lys#3 was the presence of alayer of spent mush-
room substrate between nests Lys#2 and Lys#3. The layer
extended from west to east across the field, a distance of about
700 ft and awidth of about 100-150 ft, covering an area of
2 acres (fig. 37). The depth of the layer ranged from about 0.5
to 1.0 ft. Lysimeter Ch-5449, the lysimeter directly beneath (at
adepth of 3 ft below land surface) this spent mushroom sub-
strate layer, indicated a median concentration of 1.4 mg/L for
dissolved N, which was one of the lowest median concentra-
tions for water samples from the entire lysimeter network. The
datafor lysimeters Ch-5449 and Ch-5219 indicate that the sup-
ply of N available from the spent mushroom substrate upgradi-
ent of lysimeter Ch-5219 is diminishing; however, the N
mineralized from the substrate remains in the subsurface and
apparently isbeing recovered from the lysimetersin nest Lys#3
below an altitude of about 337 ft above NGVD 29 (table 9),
which was the altitude of the ceramic cup at the base of lysim-
eter Ch-5219.

Significant decreasing timetrendsin concentrations of dis-
solved N were evident for 9 of the 11 lysimeters within the
20-acre subbasin and for 4 of the 9 lysimeters outside the sub-
basin (table 33). One lysimeter outside the 20-acre subbasin,
Ch-5574, indicated an increasing trend in concentrations of dis-
solved N. The decreasing trends in concentrations of dissolved
N within the 20-acre subbasin were not expected given that over
5,400 Ib of N was applied to the 20-acre subbasin through spray
irrigation from June 1999 through December 2001 (table 29).
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Figure 42. Concentrations of dissolved nitrogen for the network of soil-suction lysimeters,
New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.

[Data gaps indicate no samples were collected because of either insufficient sample volume
or frozen conditions.]
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Table 33. Regression equations relating concentrations of dissolved nitrogen and
chloride to time (in days) for soil-suction lysimeter data, New Garden Township
spray-irrigation site, Chester County, Pennsylvania, June 1999 through December 2001.

[N, nitrogen, in milligrams per liter; Cl, chloride, in milligrams per liter; al models shown are
significant at alpha=0.05; the units for time are days, with time equa 1 for January 1, 1960, and time
equal 15,340 for December 31, 2001]

Soil-suction Adjusted
lysimeter Regression equation Number of correlation

identification observations coefficient
number (R?)

Lysimeter nest Lys#1

Ch-5211 N = 25.37 - 0.00161 (time) 29 0.11

Cl =-318.6 + 0.0254 (time) 29 A3

Ch-5212 N = 72.57 - 0.00471 (time) 30 .28

Cl =-944.4 + 0.0671 (time) 31 .69

Ch-5213 Cl =-1396 + 0.0959 (time) 27 a7
Lysimeter nest Lys#2

Ch-5215 N = 95.32 - 0.00623 (time) 31 46

Ch-5216 N = 59.69 - 0.00381 (time) 31 40

Cl =-773.5 + 0.0567 (time) 31 45

Ch-5217 N =121.8 - 0.00788 (time) 31 .53

Cl =-1146 + 0.0808 (time) 31 .64

Ch-5218 Cl =-1014 + 0.0705 (time) 31 .85
Lysimeter nest Lys#3

Ch-5219 N = 8.478 - 0.000554 (time) 29 .16

Cl =36.72 - 0.00240 (time) 29 A1

Ch-5564 N =137.9 - 0.00874 (time) 30 .67

Cl =-113.3 + 0.00787 (time) 30 46

Ch-5565 N =194.2 - 0.0124 (time) 30 .85

Cl =-364.4 + 0.0253 (time) 30 .79

Ch-5566 N = 230.4 - 0.0148 (time) 31 .78

Cl =-373.7 + 0.0260 (time) 31 .79
Lysimeter nest Lys#4

Ch-5568 N =51.10 - 0.00332 (time) 22 .16

Cl = 66.55 - 0.00439 (time) 22 .26

Ch-5570 N =139.0 - 0.00932 (time) 7 .58
Lysimeter nest Lys#5

Ch-5572 N =103.4 - 0.00676 (time) 13 44

Cl =169.1 - 0.0110 (time) 13 .89

Ch-5574 N =-48.60 + 0.00391 (time) 15 21

Lysimeter nest Lys#6
Ch-5448 N = 1330 - 0.0843 (time) 8 .52




Concentrations of dissolved Cl indicated a significant increase
for many of the lysimeters that also had significant decreasing
trendsin dissolved N (table 33 and fig. 43). Thisresult indicates
that spray-irrigated effluent was reaching the lysimeters
because increasing Cl concentrations would be expected given
that the load of Cl applied to the 20-acre subbasin during the
study period was about 38,800 Ib (table 29). None of the
lysimeters outside the 20-acre subbasin indicated a significant
increase in concentrations of dissolved Cl. This result was
expected because virtually no Cl was measured in wet- or
dry-deposition samples (appendix 1, tables 1-2 and 1-3).

Water samples from two of the lysimetersin nest Lys#4
(Ch-5568 and Ch-5570) indicated significant decreasesin con-
centrations of dissolved N (table 33). Thesetrends are likely
because of the chemical breakdown of spent mushroom sub-
strate upgradient of this nest. Lysimeter Ch-5448 was directly
beneath the spent mushroom substrate that was upgradient of
nest Lys#4. Lysimeter Ch-5448 indicated a decreasing trend in
concentrations of dissolved N but all samples collected from
thislysimeter exceeded concentrations of 45 mg/L for dissolved
N, indicating that the spent mushroom substrate at the siteis
losing N through mineralization. Spent mushroom substrateisa
known source of N to underlying soils through leaching (Guo
and others, 2000b).

The predominant form of N for the soil water sampled was
nitrate N, followed by organic N, ammonia N, and nitrite N;
however, theratio of dissolved nitrate N to N varied widely
depending on the lysimeter location (fig. 44). Nitrate N
accounted for 88 percent of the dissolved-N fraction for all
the lysimeter data. Organic N (10 percent), ammonia N (about
1 percent), and nitrite N (about 1 percent) accounted for the
remaining part of the dissolved N in the soil water sampled. The
highest nitrate N to total N ratio was for lysimeter Ch-5448;
93 percent of the dissolved N was nitrate N. Conversely, for
lysimeter Ch-5449, 90 percent of the dissolved N was organic.
Ratios of the concentrations of dissolved nitrate N to dissolved
N were affected by the proximity of the lysimeter to upgradient
spent mushroom substrate layers. The high concentration of dis-
solved nitrate N and the high ratio of the concentration of dis-
solved nitrate N to dissolved N for lysimeter Ch-5448 indicate
the spent mushroom substrate above this lysimeter was fresh;
conversealy, thelow concentration of dissolved nitrate N and the
low ratio of the concentration of dissolved nitrate N to dissolved
N for lysimeter Ch-5449 indicated the spent substrate near that
lysimeter was nearly mineralized.

Water samplesfrom lysimeter nestsLys#4 and Lys#5 indi-
cated variationsin the ratio of the concentration of dissolved
nitrate N to dissolved N with depth. The ratio of the concentra-
tion of dissolved nitrate N to dissolved N increased with depth
for nests Lys#4 and Lys#5. For nest Lys#4, only about 18 per-
cent of dissolved N wasin nitrate N form at 3 ft below land sur-
face; at 15 ft below land surface, 79 percent of the dissolved N
wasnitrate N. For nest Lys#5, 34 percent of the dissolved N was
innitrate N form for lysimeter Ch-5571; for lysimeter Ch-5574,
about 90 percent of the dissolved N was nitrate N. For nests
Lys#4 and Lys#5, the increased ratio of the concentration of
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dissolved nitrate N to dissolved N and the increased concentra-
tions of dissolved N with an increase in depth probably were
caused by the deeper horizonsintercepting mineralized N from
spent mushroom substrate layers. However, the trend of
increasing ratios of the concentrations of dissolved nitrate N to
dissolved N with an increasein depth a so was evident for nests
Lys#1 and Lys#2, and neither of these nests were known to be
downgradient from spent mushroom substrate. For nests Lys#1
and Lys#2, over 20 percent of the dissolved N for the most shal-
low lysimeter was in the organic form. The ratio of organic N
decreased with depth, and more than 80 percent of thedissolved
N was in the form of nitrate N below the most shallow lysime-
tersin nests Lys#1 and Lys#2. The decrease in the ratio of the
concentrations of dissolved nitrate N to dissolved N with an
increase in depth for nests Lys#1 and Lys#2 was either caused
by natural soil processes that mineralize organic N, uptake of
more nitrate N near the soil surface by plants or chemoau-
totrophic organisms, and (or) mineralization of organic N
induced by changesin the system caused by spray irrigation.
Most soil profiles show increased concentrations of organic N
(solubleand insoluble) near the soil surface (Stevenson, 1982a).
Twenty-eight percent of the total-N load from spray irrigation
from June 1999 through December 2001 was in organic form.
The organic N in spray-irrigation water also helped to increase
organic-N concentrations near the soil surface.

Timetrendsfor the different forms of N were identified to
help determine how N applied in spray-irrigated effluent was
affecting micropore soil water. For the 13 lysimeters at the
spray-irrigation sitewith significant decreasesin concentrations
of dissolved N over time, 10 also indicated significant decreases
in nitrate N over time (fig. 45). Trendsin nitrate N were
expected for lysimeters showing significant time trends in con-
centrations of dissolved N because 88 percent of the dissolved
N was nitrate N. The mean concentrations of nitrate N for
lysimeters Ch-5211 and Ch-5215, the most shallow lysimeters
inthe 20-acre subbasin, were 1.38 and 2.62 mg/L, respectively.
The mean concentration of nitrate N in the spray-irrigated efflu-
ent applied during the course of the study was about 6 mg/L.
Thisindicated nitrate N was being lost or diluted by precipita-
tion inputs prior to the effluent reaching the shallow lysimeters
in the 20-acre subbasin.

Trendsin concentrations of organic N also were evident
(fig. 46). Significant decreasing time trends in organic N were
evident for the most shallow lysimeters (Ch-5211 and Ch-5215)
in each of the lysimeter nestsin the spray field in the 20-acre
subbasin. The concentrations of dissolved organic N for lysim-
etersat 7 ft below land surface in nests Lys#1 and Lys#2 were
highest for the first samples collected (June 1999) from the
lysimeters. The decreasing trend in organic N near the land sur-
face indicated that processes to mineralize organic N became
more prevalent near the surface throughout the course of the
study. The mean concentration of dissolved organic N applied
in spray-irrigated effluent during the study was 1.63 mg/L. The
mean concentrations of dissolved organic N for lysimeters
Ch-5211 and Ch-5215 during the study were 0.34 and
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Figure 43. Concentrations of dissolved chloride for the network of soil-suction lysimeters,
New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.

[Data gaps indicate no samples were collected because of either insufficient sample volume
or frozen conditions.]
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Figure 45. Concentrations of dissolved nitrate nitrogen and identification of significant
time trends in nitrate nitrogen for the network of soil-suction lysimeters, New Garden
Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001. [(-)" indicates a
significant decreasing trend; ‘(+)’ indicates a significant increasing trend. Significant trends
over time were based on an alpha equal to 0.05. Data gaps indicate no samples were col-
lected because of either insufficient sample volume or frozen conditions.]
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0.54 mg/L, respectively. Thus, some organic N from spray-irri-
gated effluent was being mineralized prior to the water reaching
these lysimeters and (or) diluted by precipitation events.

The decreasing trendsin nitrate N and the decreased con-
centration of organic N for shallow lysimeters over time within
the 20-acre subbasin indicated processesin the upper part of the
soil horizons were affecting the fate of N applied in the spray-
irrigated effluent. The ratios in the concentrations of nitrate N
to Cl also indicated significant decreases over time for al the
lysimeters in the 20-acre subbasin except for Ch-5213,
Ch-5219, and Ch-5449 (fig. 47). Only water samples from one
lysimeter (Ch-5570) outside the 20-acre subbasin indicated a
significant decrease in the ratio of the concentration of dis-
solved nitrate N to Cl over time. The decreased values for the
ratio of dissolved nitrate N to Cl were expected given the signif-
icant time trends in dissolved N (decreasing) and Cl (increas-
ing) from June 1999 through December 2001 for most of the
lysimetersin the 20-acre subbasin (table 33). These trendsindi-
cated that spray-irrigated effluent was reaching the lysimeters,
as evident by theincreased concentrations of dissolved Cl over
time. The decreasing timetrendsin nitrate N for the lysimeters
indicated that, even though spray-irrigated effluent was reach-
ing the lysimeters, the water had lost N asit traveled from land
surface to adepth of 3 ft below land surface, and thisloss of N
increased over time. Plant uptake of N and denitrification were
likely causing the decreased nitrate-N concentrations over time.
Spray application would tend to make conditions more anoxic
over timeasthe soil became more saturated. Increased saturated
conditions increased the likelihood of denitrification.

Soil-moisture data and the concentrations of dissolved N
for the lysimeter network were used to determineif the storage
of N in micropore soil water changed during the course of the
study. The soil-moisture probe network began collecting datain
September 1999; thus, no soil-moisture data were available
prior to spray irrigation and no determination could be made as
to the compl ete effect of spray irrigation on site soil-moisture
conditions. It follows that the total mass of N in the soil-water
matrix prior to spray irrigation also could not be determined.
For sub-unit areas 2, 4, and 6 (fig. 7), data from the soil-mois-
ture probe network were available from September 1999
through December 2001 for sub-unit area 2, and from Septem-
ber 1999 through June 2001 for sub-unit areas 4 and 6 (fig. 48).
Soil-moisturevaluesfor September 1999 were el evated because
of the remnants of Hurricane Floyd passing through the areaon
September 16, 1999. Estimated soil moistures were variable
over time except for lysimeters at depth in nests Lys#2 and
Lys#3. The deepest lysimeter for nest Lys#2 (Ch-5218) was,
according to water-level atitude data from well Ch-5175 (the
shallow well next to lysimeter Ch-5218), below the top of the
water table 80 percent of thetimewhen sampleswere evacuated
from the lysimeter and datawere available from well Ch-5175.
For nest Lys#3, lysimeters Ch-5565 and Ch-5566 were below
water-table altitudes each time a sample was collected when
water-level datawere available for Ch-5177. By definition, sat-
urated conditions are present at or below the water table.

Themassof N and Cl inthe micropore soil water indicated
timetrends similar to the concentration datafor N and Cl for the

micropore soil water (figs. 49 and 50). That is, estimates of
mass for N and Cl were affected more by the concentration for
the lysimeter at the particular depth than the soil moisture.
Regression analysis indicated that soil moisture was not signif-
icantly related to concentrations of N and Cl in the soil water for
lysimeters immediately adjacent to the soil-moisture probes
(Ch-5211, Ch-5215, and Ch-5219). Relations between concen-
trationsfor deeper lysimetersand estimated soil moistureswere
not determined because confidencein the relation would be low
considering that soil-moisture values were estimated for depths
below 40 in.

The masses of N and Cl given in figures 49 and 50 repre-
sent the total mass in sub-unit areas 2, 4, and 6 for the specific
depths. Summing these masses down to the bottom of thelysim-
eter network for any one areayielded the estimated total mass
of N and Cl for the entire area (table 34). When comparing val-
uesfrom September 1999 to June 2001, reductionsareindicated
inthe mass of stored N and increasesin mass of stored Cl. From
September 1999 to June 2001, the estimated mass of N in sub-
unit areas 2, 4, and 6 decreased by 73, 68, and 50 percent,
respectively. Conversely, Cl masses during the same period
increased in sub-unit areas 2, 4, and 6 by 186, 90, and 208 per-
cent, respectively. The average highest mass of N per unit vol-
ume of soil was found in sub-unit area 6. The average mass of
N estimated for sub-unit area 6 was about 0.00016 |b/ft3 of soil,
whereas for sub-unit areas 2 and 4, the estimated amount of N
was 0.000059 and 0.000066 Ib/ft3 of soil, respectively. It is
likely that the differences among sub-unit areas were caused at
least partially by the zone of spent mushroom substrate bi sect-
ing the 20-acre subbasin between lysimeter nests Lys#2 and
Lys#3. Thetotal areacovered by sub-unit areas 2, 4, and 6 was
about 10 acres. In order to determine the amount of N and Cl
either accumulated or lost from the micropore soil water, the
valuesin table 34 should be doubled because the drainage area
of the subbasin was 20 acres

Theonly lysimeter nest in the 20-acre subbasin that did not
interact with water at or below the water table was nest Lys#1
(the nest in sub-unit area 2) (fig. 51). Water levels for monitor
well Ch-5173 were at least 24 ft below land surface each time
lysimeter samples were collected and datawere available from
Ch-5173. Over 60 percent of the samples collected in the deep-
est lysimeter (Ch-5218) for nest Lys#2 were collected when the
water-table altitude was above the altitude of the ceramic cup
for lysimeter Ch-5218. Three of the four lysimetersin nest
Lys#3 were below the water-table altitude for most samples col-
lected. This result indicated the lysimeter network for sub-unit
areas 4 and 6 spanned the range of the unsaturated zone.

Because nest Lys#1 did not span the range of the unsatur-
ated zone in sub-unit area 2, the estimated mass of N needed to
be determined for the zone extending from the bottom of the
lysimeter network to a depth that was near the same altitude as
the lowest water level recorded for well Ch-5173 after spray
irrigation was initiated. The lowest water level recorded for
well Ch-5173 after spray irrigation began was in March 2001
(34.51 ft on March 29). The lysimeter network spanned depths
from 0 to 13 ft for sub-unit area 2. Given the minimum water
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Table 34. Total estimated masses of nitrogen and chloride in micropore soil water for sub-unit areas 2, 4,
and 6, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.

[Sub-unit areas are shown on figure 7. —, data not available; sub-unit area 2 was 1.9 acres and the mass of nitrogen was
estimated to a depth of 13 feet; sub-unit area 4 was 6.5 acres and the mass of nitrogen was estimated to a depth of 17 feet;
and sub-unit area 6 was 1.7 acres and the mass of nitrogen was estimated to a depth of 14.75 feet]

Sub-unit area 2 Sub-unit area 4 Sub-unit area 6
Lysimeter sample-
collection date Nitrogen Chloride Nitrogen Chloride Nitrogen Chloride
(pounds) (pounds) (pounds) (pounds) (pounds) (pounds)
09/23/1999 85 420 660 3,900 240 94
10/20/1999 15 670 590 5,100 220 88
11/17/1999 — — — — 180 83
12/16/1999 53 510 350 5,100 200 77
02/03/2000 — — 310 4,300 190 75
03/16/2000 170 560 310 4,500 190 75
04/12/2000 140 640 370 4,600 240 77
05/10/2000 75 630 460 4,600 210 81
06/14/2000 — — 330 6,500 210 86
07/12/2000 56 760 260 5,200 200 98
08/9/2000 55 980 290 6,600 200 110
09/13/2000 34 1,300 240 7,200 180 130
10/12/2000 33 1,300 220 7,200 170 120
11/30/2000 — 1,300 250 6,800 150 170
12/21/2000 59 1,300 220 7,600 — —
01/11/2001 — — 250 6,900 130 190
02/22/2001 57 1,100 280 6,800 — —
03/22/2001 64 1,300 230 5,500 100 210
04/25/2001 — — 260 5,700 100 230
05/24/2001 30 1,200 220 6,400 110 250

06/14/2001 23 1,200 210 7,400 120 290
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time trends in the ratio of nitrate-nitrogen to chloride for the network of soil- suction lysimeters,
New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.

['(-) indicates a significant decreasing trend. Significant trends over time were based on an alpha
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Figure 48. Estimated volumetric soil moistures at time of lysimeter sample collection for lysimeters in
sub-unit areas 2, 4, and 6, New Garden Township spray-irrigation site, Chester County, Pennsylvania,
1999-2001.
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Figure 49. Estimated pounds of nitrogen in micropore soil water for sub-unit areas 2, 4, and 6 to depths
of 13, 17, and 14.75 feet, respectively, New Garden Township spray-irrigation site, Chester County,
Pennsylvania, 1999-2001. [Data gaps indicate no samples were collected because of either insufficient
sample volume or frozen conditions.]
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Figure 50. Estimated pounds of chloride in micropore soil water for sub-unit areas 2, 4, and 6 to depths of 13, 17, and
14.75 feet, respectively, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.
[Data gaps indicate no samples were collected because of either insufficient sample volume or frozen conditions.]
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Figure 51. Daily water-level altitudes for wells Ch-5173, Ch-5175, and Ch-5177 and the dates when suction

lysimeters were sampled, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-
2001. [The altitude of suction lysimeters in nests Lys#1, Lys#2, and Lys#3 are identified and matched with the
shallow well adjacent to the lysimeter nest. Gaps indicate missing record.]

level recorded for well Ch-5173 during the study, it was deemed
necessary to determine estimates for the mass of N from 13 to
33 ft below land surface (table 35). Estimates of N masseswere
determined in 4 ft increments and summed over the 20 ft of ver-
tical distance. The average mass of N estimated for this 20-ft
zonein sub-unit area 2 was about 0.000066 |b/ft> of soil, which
was comparable to the mass per volume of soil estimated for
sub-unit area 2 for depthsfrom 0 to 13 ft. From September 1999
to June 2001, there was estimated to be virtually no change in
the mass of N stored in the micropore soil water for sub-unit
area 2 for depths from 13 to 33 ft.

N-isotope samples collected from the lysimeter network
varied from 3°N (nitrate) values of -2.1 %o for lysimeter
Ch-5568 to 15.1 %o for lysimeter Ch-5216 (table 36). The low
value for lysimeter Ch-5568 was within the range of values
expected for N in precipitation, indicating that thislysimeter (in
Control (1) at adepth of 7 ft) was capturing N primarily from
rainwater. However, the mean concentration of nitrate N for
lysimeter Ch-5568 during the study was 1.50 mg/L ; the mean
concentration of nitrate N for wet-deposition samples was
0.33mg/L. Thus, some N wasreaching lysimeter Ch-5668 from
natural soil processesand (or) evaporation of precipitation from
the upper soil horizons was causing an increase in the concen-
tration of nitrate N. The upper end of the 3*°N (nitrate) values
for the lysimeters was evident in two different samples col-
lected from lysimeter Ch-5216. 3N (nitrate) values for lysim-

eter Ch-5216 fell within the range of values that were deter-
mined for spray-irrigated effluent. Spray-irrigated effluent
obviously was reaching lysimeter Ch-5216 given the increased
concentration of Cl over time (table 33). 3*°N (nitrate) values
for lysimeters Ch-5211 and Ch-5213 (nest Lys#1) indicated that
the nitrate N reaching the lysimeters was a mixture of different
sources. It was apparent from Cl concentrations over time for
lysimeters Ch-5211 and Ch-5213 that spray-irrigated effluent
was reaching the lysimeters, but the low values for 3N
(nitrate) indicated that the majority of the water did not origi-
nate from the spray-irrigated effluent. The two 3N (nitrate)
values (6.4 %o) for lysimeter Ch-5448 should be viewed as
indicative of spent mushroom substrate leachate. The ceramic
cup of lysimeter Ch-5448 was about 1 ft below the largest zone
of spent mushroom substrate deposited within the study area.
The 3'°N (nitrate) values for nest Lys#3 indicated those lysim-
eters were likely receiving a mix of nitrate N from spray-irri-
gated effluent, leachate from spent mushroom substrate, and
leachate from soil formed indigenously at the site. Again,
lysimeter nest Lys#3 was downgradient of a zone of spent
mushroom substrate and it was directly above the swale that
was considered to be a discharge area for water within the 20-
acre subbasin.
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Table 35. Estimates of the mass of nitrogen in sub-unit area 2 for
depths below land surface from 13 to 33 ft, New Garden Township
spray-irrigation site, Chester County, Pennsylvania, 1999-2001.

Lysimeter sample- Nitrogen mass

collection date (pounds)
09/23/1999 14
10/20/1999 36
12/16/1999 72
02/03/2000 300
03/16/2000 390
04/12/2000 190
05/10/2000 95
07/12/2000 53
08/09/2000 59
09/13/2000 43
10/12/2000 52
11/30/2000 78
12/21/2000 95
02/22/2001 130
03/22/2001 130
05/24/2001 54
06/14/2001 47

Table 36. Results for nitrogen-isotope samples collected from
the lysimeter network, New Garden Township spray-irrigation
site, Chester County, Pennsylvania, November 2000-November
2001.

[Lysimeters are shown on plate 1]

Date Lysimeter SN for N_itrate
(per mil)
11/16/2000 Ch-5211 0.8
11/16/2000 Ch-5213 2.3
11/16/2000 Ch-5448 6.4
11/16/2000 Ch-5565 8.1
11/16/2000 Ch-5568 -2.1
11/16/2000 Ch-5574 59
7/18/2001 Ch-5216 15.1
7/18/2001 Ch-5448 6.4
7/18/2001 Ch-5572 51
11/27/2001 Ch-5564 84
11/27/2001 Ch-5216 145

Shallow Ground-Water Nitrogen Storage

The storage of N and Cl within the ground-water system
was estimated from the depth of the bottom of the lysimeter
network to the depth of competent bedrock (table 37). The
estimated storage of N and Cl was determined for sub-unit areas
2,4, and 6 (fig. 7) using data for shallow wells Ch-5173,
Ch-5175, and Ch-5177. Estimated N masses were previously
estimated from the soil surface to the depth of the bottom of the
lysimeter network (UPPERZONE) (stored in soil water)

(table 34). Data from the depth of the bottom of the lysimeter
network to the depth of competent bedrock (LOWERZONE)
are presented in table 37. The highest average mass of N per
unit volume of unconsolidated material in the LOWERZONE
from June 1999 through December 2001 was estimated to bein
sub-unit area 6 (0.00036 Ib/ft3), followed by sub-unit area 4
(0.000026 |b/ft3) and sub-unit area 2 (0.000022 Ib/ft3). The
amount of N per unit volume stored in the LOWERZONE in
sub-unit area 6 was more than twice the amount stored per unit
volume in the UPPERZONE. Conversely, for sub-unit areas

2 and 4, the estimated amount of N stored per unit volume
was larger in the UPPERZONE than in the LOWERZONE.
The estimated average mass of Cl per unit volumein the
LOWERZONE (0.00048 Ib/ft3) of sub-unit area 6 also was
greater than that stored in the UPPERZONE (0.00012 Ib/ft3).

Aswith N, the estimated amount of Cl for sub-unit areas 2
and 4 was greater in the UPPERZONE (0.00088 and
0.0012 Ib/ft3, respectively) than in the LOWERZONE
(0.000088 and 0.000053 |b/ft3, respectively).

The trends in the estimated storage values for the LOW-
ERZONE in the different sub-unit areas indicated differences
for each sub-unit area (table 37). Sub-unit area 2 indicated sig-
nificant increasing trends in the estimated mass of N and Cl
over time from June 1999 through December 2001. Nitrate N
and Cl concentration data for shallow well Ch-5173 (sub-unit
area 2) indicated significant increasing trends (figs. 20 and 25).
Datafor sub-unit area4 indicated no significant trendsin N and
Cl mass, which was expected because nitrate-N and CI concen-
tration data for shallow well Ch-5175 (sub-unit area 4) indi-
cated no significant trends (tables 18 and 20). Data for sub-unit
area 6 (shallow well Ch-5177) indicated a significant decreas-
ing trend in N mass and nitrate-N concentration and a signifi-
cant increasing trend in Cl mass and concentration (see
tables 18 and 20 for median concentration data). The trendsin
N and Cl massfor the LOWERZONE were not consistent with
thetrends from the UPPERZONE for sub-unit areas 2 and 4. At
the top of the 20-acre subbasin (sub-unit area 2), the UPPER-
ZONE and LOWERZONE indicated significant increasesin
estimated Cl mass over time; however, there was not a signifi-
cant increase of N massin the UPPERZONE. The UPPER-
ZONE in sub-unit areas 4 and 6 indicated significant increasing
trendsin the estimated Cl mass and decreasing trendsin the esti-
mated N mass. It was apparent that there was a discontinuity
between water collected from the lysimeter nests and water cap-
tured during ground-water sampling in sub-unit areas 2 and 4.
Suction-lysimeter sampling pulls micropore soil water fromthe
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Table 37. Total estimated masses of nitrogen and chloride from the average depth of the water table to the
depth of competent bedrock for sub-unit areas 2, 4, and 6, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, 1999-2001.

[Sub-unit areas are shown on figure 7. —, data not available; sub-unit area 2 was 1.9 acres and the mass of nitrogen was estimated
from depths of 33 to 62 feet; sub-unit area 4 was 6.5 acres and the mass of nitrogen was estimated from depths of 17 to 56.5 feet; and
sub-unit area 6 was 1.7 acres and the mass of nitrogen was estimated from depths of 14.75 to 35 feet; the date given in the table was
the sample date for wells Ch-5173; wells Ch-5175 and Ch-5177 were sampled within 9 days of Ch-5173]

Sub-unit area 2 Sub-unit area 4 Sub-unit area 6
Date Nitrogen Chloride Nitrogen Chloride Nitrogen Chloride
(pounds) (pounds) (pounds) (pounds) (pounds) (pounds)
06/01/1999 44 — 230 — 1,100 —
06/30/1999 Ve 110 260 560 630 630
07/29/1999 59 — 280 — 600 —
08/25/1999 59 — 360 — 670 —
09/22/1999 40 100 320 650 670 550
10/25/1999 50 — 350 — 560 —
11/29/1999 45 — 320 — 600 —
01/06/2000 43 100 350 600 600 560
02/01/2000 37 — 300 — 630 —
03/06/2000 35 — 300 — 600 —
04/05/2000 37 — 320 — 700 —
05/23/2000 38 160 300 570 700 470
06/26/2000 41 — 320 — 700 —
07/24/2000 39 140 270 600 700 500
08/29/2000 36 — 220 — 670 —
09/18/2000 46 150 250 520 630 580
10/16/2000 35 — 230 — 600 —
11/13/2000 46 — 230 — 530 —
12/12/2000 39 170 230 520 490 740
01/16/2001 50 — 240 — 460 —
02/20/2001 47 — 220 — 390 —
03/26/2001 43 180 200 480 390 870
05/07/2001 83 — 240 — 340 —
05/30/2001 61 — 240 — 200 —
06/25/2001 50 320 210 550 420 960
07/16/2001 57 — 230 — 340 —
08/27/2001 71 — 250 — 290 —
10/09/2001 Va4 500 270 570 270 960
11/06/2001 71 — 570 — 260 —

12/03/2001 7 490 300 590 250 1,000
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matrix. Ground-water sampling proceduresinvolve pumping of
thewell and sampling as freshwater is drawn into the well from
the water table. Suction-lysimeter water was expected to be in
contact with soil particles more directly than ground water
pulled into the wells during sampling. The water sampled from
thewellswaslikely infracturesor pore spaces of therock where
the water was available for drawdown into the well during
pumping. It isalso unknown how long thetraveltimeisbetween
surface infiltration of water and recharge down to the water
table. There could be an appreciable lag period between water
moving past the lysimeter nest and that same parcel of water
reaching the shallow or deep wells in the 20-acre subbasin.
N-isotope data collected from the monitor wellsindicated
variations acrossthe study site. Thetwo samples collected from
well Ch-5173 at the top of the 20-acre subbasin gave identical
5N (nitrate) values of 1.3 %o for samples collected in June
1999 and November 2000 (table 38). The 51°N (nitrate) values
for well Ch-5173 were similar to the values for lysimeter
Ch-5211 (0.8 %o) and lysimeter Ch-5213 (2.3 %o) (table 36),
which were lysimeters near well Ch-5173. The lack of change
in 81°N (nitrate) values from June 1999 to November 2000 for
well Ch-5173 indicated that the source of nitrate N to the shal-
low well did not change during the period. If nitrate N from
spray-irrigated effluent was reaching well Ch-5173, 5'°N
(nitrate) values should increase, The 5°N (nitrate) values for
effluent samples averaged about 13 %.. Nitrate-N and dis-
solved-N concentrations for the sample collected from shallow
well Ch-5173 in June 1999 were 0.39 and 0.69 mg/L, respec-
tively. Nitrate-N and dissolved-N concentrationsfor the sample
collected from shallow well Ch-5173 in November 2000 were
0.55and 0.72 mg/L, respectively. Thus, theratio of nitrate N to
dissolved N increased from June 1999 to November 2000 with
basically no increase in dissolved N. The fraction of organic
N decreased over the same period, which indicated that the
increased nitrate-N concentration for well Ch-5173 could have
been caused by increased mineralization of organic N.

The similarity in 812N (nitrate) values between lysimeters
and wellswas not evident in sub-unit area4. The 512N (nitrate)
value for shallow well Ch-5175 was 2.5 %o, while values for
lysimeter Ch-5216 averaged about 15 %.. The differencein
55N values between shallow well Ch-5175 and lysimeter
Ch-5216 indicated that the source of nitrate N for these sample
locations was different. 31°N values for lysimeter Ch-5216, in
addition to trends and concentrationsin N and Cl, indicated that
spray-irrigated effluent was amajor contributor of nitrate N to
lysimeter Ch-5216; conversely, datafrom well Ch-5175 indi-
cated that this shallow well was not receiving appreciable
amounts of nitrate N from spray-irrigated effluent. Nitrate-N
and Cl concentration data for shallow well Ch-5175 indicated
no significant trend over time (tables 18 and 20).

Table 38. Results for nitrogen-isotope samples collected from
the monitor-well network, New Garden Township spray-

irrigation site, Chester County, Pennsylvania, May 1999-November
2000.

Date _ M(_)nitt_)r well 51N for n_itrate
identification number (per mil)
05/25/1999 Ch-5183 6.2
05/27/1999 Ch-5176 139
05/27/1999 Ch-5181 10.3
06/01/1999 Ch-5177 9.9
06/01/1999 Ch-5175 25
06/01/1999 Ch-5173 13
12/02/1999 Ch-5721 8.2
12/02/1999 Ch-5722 8.3
11/13/2000 Ch-5173 13
11/20/2000 Ch-5177 85

515N (nitrate) values for monitor wells in sub-unit area 6
were affected by the spent mushroom substrate zone that lies
above the wells. 51N (nitrate) data for shallow well Ch-5177
and thelysimetersin sub-unit area6 weresimilar; valuesranged
from 8.1 10 9.9 %o0. Ch-5177 had higher 515N (nitrate) values
than Ch-5175. Because Ch-5177 was downgradient of
Ch-5175, it was unlikely that the higher 3*°N (nitrate) values
were caused by more effluent reaching Ch-5177. Higher 315N
(nitrate) values for Ch-5177 were likely caused by spent mush-
room substrate. Denitrification of nitrate in the spent substrate
can cause enrichment of 31°N (nitrate) (Karr and others, 2001).
51N (nitrate) values for deep well Ch-5176 in sub-unit area 6
were higher than all other N-isotope samples collected in sub-
unit area 6. Water samples from deep well Ch-5176 indicated
decreasing trends in both dissolved N and Cl from May 1999
through December 2001, and high concentrations for dissolved
N (39 mg/L of nitrate N on May 27, 1999) prior to spray irriga-
tion at the site (tables 23 and 24). Thus, therelatively high 3°N
(nitrate) values for deep well Ch-5176 were not caused by
spray-irrigated effluent reaching the well. It was likely that the
high concentrations of dissolved N for deep well Ch-5176 prior
to spray irrigation was caused by spent mushroom substrate,
and denitrification of nitrate N originating from spent mush-
room substrate could produce the high 3N (nitrate) for deep
well Ch-5176.



Volatilization

The differences in the concentrations of dissolved anmo-
nia N between the effluent and the PAN samples were used to
quantify the loss of ammoniaN through volatilization from the
20-acre subbasin. These sampleswere collected at the sitefrom
July 1999 through October 2001 (appendix 1, table 1-5). As
expected, the concentrations of dissolved ammonia N were
fairly similar between the effluent samples and the samples col-
lected in the spray field using PANs (fig. 52). Except for one
sampling event, two PAN samples were collected on each day
samples were collected. The two values for the day were aver-
aged in order to quantify the difference between concentrations
of dissolved ammoniaN for the effluent and the PANSs.

Differences in concentrations of dissolved ammoniaN
between the effluent and the PANswere larger during the grow-
ing season (fig. 53). Seasonal differencesinthe volatilization of
ammonia N from the spray-irrigated effluent were expected
given the positive relation between ammonia volatilization and
temperatureidentified in previous studies (Sommer and others,
1991; Sommer and Olesen, 1991). However, statistical teststo
determine if any relation was present between differencesin
concentrations of dissolved ammonia N and meteorological
factors, such aswind speed and air temperature, indicated no
significant relations. The meteorological parameters were mea-
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sured at the site. During sample collection, wind speed ranged
from about 1 to 12 mph and air temperatures ranged from 2 to
26°C. Defining the growing season as April through October,
the mean and median difference (apositive differenceindicated
that effluent concentrations exceeded PAN concentrations)
between effluent and PAN concentrations was 0.17 and

0.05 mg/L of dissolved ammonia N, respectively. The mean
difference was 0.19 mg/L of ammoniaN if all differencesless
than zero were set equal to zero. It is reasonable to set negative
differences to zero because ammonia-N concentrations in the
PAN samples should not exceed ammonia-N concentrationsin
the effluent samples. The median ratio of ammonia-N concen-
trationsin PAN samplesto ammonia-N concentrations in the
effluent samples was 0.83 for samples collected during the
growing season; the mean ratio was 0.78 if ratios greater than
one were set equal to one. The mean difference between efflu-
ent and PAN concentrations for samples collected during the
dormant season was -0.02 mg/L of dissolved ammoniaN.

Dissolved ammonia-N concentrations for PAN samples
that exceeded dissolved ammonia-N concentrationsfor effluent
samples could have been caused by either sample contamina-
tion or by changesin the concentration of dissolved ammoniaN
discharging from the spigot. That is, effluent and PAN samples
were collected concurrently; however, it is possible that delay-
ing sample collection by even amatter of seconds could affect
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Figure 52. Concentrations of ammonia nitrogen in spray effluent and PAN (plastic containers placed on the spray
fields) samples, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.
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Figure 53. Monthly differences in concentrations of ammonia nitrogen in spray effluent and PAN (plastic con-
tainers placed on the spray fields) samples, New Garden Township spray-irrigation site, Chester County,

Pennsylvania.

[Differences are equal to the concentration of ammonia nitrogen for the effluent sample subtracted from the con-
centration of ammonia nitrogen for the PAN sample. If two PAN samples were collected on that day, the mean of

those two values were used to determine the difference.]

concentrationsin the sample. The extent of chemical variability
over short time periods (less than 1 day) in water discharging
from the spigot was not determined. Quality-control samples
did not indicate any problems with ammonia contamination for
PAN samples; thus, it was assumed that when ammonia-N con-
centrationsin PAN samples exceeded ammonia-N concentra-
tionsin the effluent samples, the difference was caused by fluc-
tuations in ammonia-N concentrations in the effluent during
PAN and effluent sampling.

The quantity of N lost through ammonia volatilization
from the site was estimated using mean or median differences
between the effluent and PAN samples. To determine the quan-
tity of N lost through ammonia volatilization, it was assumed
that from November through March, no volatilization occurred.
From April through October, it was assumed volatilization
occurred. The estimates of the spigot N species|oad to the
20-acre subbasin was discussed earlier. These estimates were
based on the interpolation of N loads on days when effluent
samples were not collected. The estimated load of ammonia N

from the effluent was used as the input to predict N losses
through volatilization of ammonia N. The total estimated
amount of dissolved-ammonia N input to the 20-acre subbasin
from application of spray-irrigated effluent from June 1999
through December 2001 was 706 Ib, with 82 percent being
applied during the growing season (table 29). Adjusting the
ammonia-N concentrations to account for volatilization, load
reductionsbecause of volatilization can be estimated. Adjusting
the growing-season ammonia-N concentrations by 0.05
(median difference between spigot and PAN samples) and
0.19 mg/L (mean difference between spigot and PAN samples),
the estimated amount of N lost through volatilization was 12
and 65 Ib, respectively. Adjusting the growing-season ammo-
nia-N concentrations by multiplying the effluent concentrations
by 0.78 (mean ratio between PAN ammonia-N to effluent
ammonia-N concentrations) and 0.83 (median ratio), the esti-
mated amount of N lost through volatilization was 122 and

92 Ib, respectively. Thus, the estimated range of ammoniaN
lost through volatilization from the 20-acre subbasin was from



12to 122 Ib. Thiswasfrom 2 to 21 percent of the total amount
of ammonia N applied during the growing season, or from 2 to
17 percent of thetotal amount of ammoniaN applied during the
entire study. Sharpe and Harper (1997) found that, prior to
spray-irrigated effluent reaching the plant canopy or soil sur-
face, about 13 percent of the ammonium N in swine effluent
applied through a sprinkler system was lost to the atmosphere
through ammoniavolatilization. They also found that an addi-
tional 69 percent of the ammonium N was lost through volatil-
ization after the effluent contacted either soil or plant surfaces.
For this study, it was not possible to measure volatilization
losses once the spray-irrigated effluent reached either soil or
plant surfaces. During sample collection, PANs collected spray-
irrigated effluent for about 15-30 minutes prior to sample pro-
cessing. During this time, some ammoniavolatilization likely
occurred from the PAN. Ammonia volatilization a so occurred
from the time the effluent discharged the spray head until the
water reached a surface. The ammonia volatilization from the
PAN was thought to be asurrogate for volatilization that would
occur from plant or soil surfaces before the water infiltrated the
soil. Ammoniavolatilization typically is not expected to occur
to any appreciable extent once water infiltrates the soil (Meis-
inger and Jokela, 2000). It should aso be noted that over a day
of spraying, as the volume applied increases, the total percent-
age of spray-irrigated effluent intercepted by plant material
would decrease. Virtually no ponding of effluent was ever evi-
dent at the site. Any ponding could increase volatilization rates.
Given the potential for additional ammonia volatilization from
water on plant surfaces, it is possible that the amount of N lost
through ammonia volatilization was closer to the upper end
(120 Ib) of the range estimate.

Plant Removal of Nitrogen

Theloss of N from the 20-acre subbasin by way of plant
harvest indicated some deviation from year to year, but no
significant effects because of spray irrigation were evident
(table 39). Variations from year to year were primarily because
of differencesin the number of bales harvested. The N removed
in dry plant matter (appendix 1, table 1-6) from within the
20-acre subbasin did not show any increase over time.
Locationsidentified as Low and Middle (and one location
outside the 20-acre subbasin, Control (1)) indicated significant
decreasesin the N concentration for plant matter (fig. 54). The
mean N concentration for plant material collected within the
20-acre subbasin was 2.36 percent N, and the mean N concen-
tration for control areas (Control (1) and Control (2)) was
2.30 percent N. Theremoval of N per acre was similar for the
fields in the 20-acre subbasin; however, removal of N from
control fields indicated different removal rates. The amount of
N removed from each of the four soil-sampling areas (Upper,
Middle, Lower, and Bottom) averaged about 85 |b per acre per
year. The average amount of N removed from Control (1) and
Control (2) was 100 and 60 |b per acre per year, respectively.
The higher amounts of N removed from Control (1) werelikely
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Table 39. Amount of nitrogen removed during plant harvestin the
soil-sampling areas of the 20-acre subbasin and control areas,
New Garden Township spray-irrigation site, Chester County, Penn-
sylvania, 1999-2001.

Soil-sampling areas Nitrogen harvested, in pounds

(acres)

1999 2000 2001
Upper (5.83) 510 460 550
Middle (3.96) 360 290 380
Low (5.25) 450 360 460
Bottom (3.06) 250 190 300
Control (1) (5.30) 550 470 600
Control (2) (3.79) 290 170 220

caused by the presence of spent mushroom substrate in that
field. Theareaof Control (1) was 25 percent covered with spent
mushroom substrate at the surface. However, the topography
(the spent mushroom substrate is at the top of the field) would
cause chemical transport from the spent mushroom substrate
zoneto therest of thefield. Thistransport was evident in higher
concentrationsof N inthe solid-soil matrix for thisfield relative
to other fields (table 30). The lower removal rate of N from
Control (2) could be because of thelack of moistureinthat field
relative to the other fields. Control (2) wasin spray fields 4 and
5, both of which were used sparingly during the study; thus, the
soil moisture in this field would have been reduced relative to
fieldsin the 20-acre subbasin.
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Figure 54. Concentrations of nitrogen in dry plant material harvested from different soil-sampling areas, New Garden Town-
ship spray-irrigation site, Chester County, Pennsylvania, 1999-2001.

Discharge

Water discharge from the 20-acre subbasin was monitored
from the middle of June 1999 through December 2001 (fig. 55).
Theflumewasinstalled in early June 1999. However, discharge
from the 20-acre subbasin was not apparent until approximately
August 23, 1999, even though spray irrigation at the site began
in June 1999. Discharge below 0.001 ft3/s is not shown on
fig. 55. Discharge was not greater than 0.001 ft%/s until August
1999. Discharge from the 20-acre subbasin indicated a direct
connection to spray application and precipitation. September
1999, which had the highest input of precipitation and effluent
(19.8 in. over the 20-acre subbasin), had the highest monthly
mean discharge (0.094 ft3/s). Conversely, some of the lowest
monthly mean discharges were from November through
December 2001 (mean of 0.014 ft3/s) when only about 4 in. of
spray-irrigated effluent and precipitation were input to the
20-acre subbasin.

Discharge through the flume was a mixture of water from
two distinct processeswithin the 20-acre subbasin. Initially, dry
soil conditions were evident in the spring-summer of 1999

because of little precipitation. Spray applications, beginningin
late May 1999, helped to saturate the soil. This application was
followed by seepage of water at the base of the 20-acre sub-
basin. This seepage was captured by the swale and transported
through the flume. Seepage from the discharge zone at the base
of the 20-acre subbasin occurred throughout the remainder of
the study once seepage started to occur in June 1999. The other
process that contributed flow to the flume was storm runoff.
During storm events, water was transported to the flume by
water infiltrating the soil and subsequently displacing anteced-
ent moisture to the discharge zone. During the most intense
storms, such as the precipitation from the remnants of Hurri-
cane Floyd, overland flow of water to the swale also resulted.

Grab samples collected at the outlet of the flume were col-
lected primarily during low-flow periods and are referred to as
low-flow samples; however, two sampleswere collected during
storm events(using 0.1 ft3/s asthe cutoff between low-flow and
storm samples) (fig. 56). Grab samples collected during low-
flow periods can be considered generally representative of
water seeping from the 20-acre subbasin during non-storm
events; however, some mixture of this seepage water with
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Figure 55. Hydrograph of daily values for discharge through the flume and monthly values for precipitation and vol-
umes of spray-irrigated effluent, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.
[Units for effluent volumes are in inches over the 20-acre subbasin. *, precipitation data not available for June 1999.]
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Figure 56. Instantaneous discharge at the time of grab-sample collection from the outlet of the flume drain-

ing the 20-acre subbasin, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-

2001.

storm-induced runoff occurred if low-flow samples were col-
lected during the initial rise of an event or during the storm-
recession period. The concentrations of N did not show any
relation to discharge for the grab samples collected; the lack of
arelation primarily isthe result of little variation in discharge
for the samples collected. The mean discharge for samples col-
lected in water year 2001 (0.02 ft3/s) waslessthan themean dis-
charge for samples collected in water year 2000 (0.05 ft3/s).

Low-flow samples collected at the outlet of theflumefrom
June 1999 through December 2001 indicated a decreasing time
trend in N concentrations and an increasing trend in Cl concen-
trations (figs. 57 and 58). The mean concentration of dissolved
N in low-flow samples was 2.50 mg/L (2 samples), 1.42 mg/L
(29 samples), 0.83 mg/L (25 samples), and 0.73 mg/L (7 sam-
ples) for water years 1999, 2000, 2001, and 2002, respectively.
The decreasing time trend for dissolved N was caused by asig-
nificantly decreasing trend in nitrate N and organic N over time.
Ninety-eight percent of the N for low-flow sampleswasin dis-

solved form; 50 percent of the dissolved N wasin organic-N
form, 46 percent in nitrate-N form, and the remaining fraction
inammonia-N form. More sample to sample variation occurred
in N concentrations for low-flow samples collected early (prior
to April 2000) in the study compared to later (fig. 57). The high-
est dissolved ammonia-N concentration detected (0.55mg/L) in
low-flow samples was collected on Feb. 14, 2000, during a
snowmelt period. Additiona variation in the N-concentration
data prior to April 2000 could be the result of changing soil-
moisture conditions. Asthe study progressed, it islikely that
soil moistures became more uniform over the study area; satu-
ration became the dominant condition over time. These more
uniform soil-moisture conditions may have helped to stabilize
N-concentration variability in low-flow samples over time. Sat-
urated conditions would indicate amore reducing environment,
and such conditions would promote denitrification.
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Figure 58. Concentration of dissolved chloride for grab samples
collected at the outlet of the flume, New Garden Township spray-
irrigation site, Chester County, Pennsylvania, 1999-2001.
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Contrary to the low-flow samples, stormflow samples
collected at the outlet of the flume indicated increasing trends
for concentrations of some N species from September 1999
through December 2001. The storm samples were collected at
mean discharges (mean discharges for the storms sampled)
ranging from 0.05 ft¥/s to 1.2 ft%/s (fig. 59). The concentration
of dissolved N indicated an insignificant increase over time; the
increase was caused by significant increasing trendsin the con-
centrations of dissolved nitrate N and ammoniaN (fig. 60).
Concentrations of dissolved Cl indicated a much greater
increase than concentrations of dissolved N over the sametime
period (fig. 61). The regression of dissolved N over time
(p-value equal to 0.09) predicted an increase in dissolved N of
0.7 mg/L from September 1999 to December 2001. The regres-
sion model for dissolved Cl predicted a30 mg/L increasein dis-
solved Cl over the sametime period. Theincreasing trendsin N
specieswere most evident during the last 6 months of sampling,
which coincided with storms sampled at higher mean dis-
charges. However, except for concentrations of dissolved
ammonia N showing a significant increase with an increase in
discharge, no relation was evident between N species and dis-
charge.

1.5 \ ‘

Six samples were collected on January 31, 2001, during the
same storm event. Each sample result represents 3.5 discrete
samples composited using flow-weighting procedures
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Figure 59. Mean discharge for storm events sampled at the flume
draining the 20-acre subbasin, New Garden Township spray-irriga-
tion site, Chester County, Pennsylvania, 1999-2001.
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Figure 60. Concentrations of total and dissolved forms of nitrogen and identification of significant time trends for storm
samples collected at the flume, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-2001.
['(+) indicates a significant increasing trend. Significant trends over time were based on an alpha equal to 0.05.]
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Figure 61. Concentration of dissolved chloride for storm samples
collected at the flume, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, 1999-2001.

The concentrations and forms of N differed between low-
flow and stormflow samples. The mean concentration of total
and dissolved forms of N for storm samples was 2.13 and
1.60 mg/L, respectively. The mean concentration of total and
dissolved forms of N for low-flow samples was 1.16 and
1.14 mg/L, respectively. Seventy-five percent of the concentra-
tion of total N wasin dissolved form for storm samples, indicat-
ing transport of suspended materials from the 20-acre subbasin
was limited. The dissolved and total forms of organic N com-
prised 72 and 76 percent, respectively, of the concentration of
total N for storm samples; nitrate N and ammonia N accounted
for 17 and 7 percent, respectively, of the concentration of total
N. Thus, ahigher proportion of the concentration of total N was
inorganic-N form for stormflow samples compared to low-flow
samples. The higher proportion of organic N in storm samples
was partly because of transport of organic N from the zone of
spent mushroom substrate directly upgradient of the swale
draining the 20-acre subbasin. Samples collected from lysime-
ter Ch-5449 upgradient of the swale and within this spent mush-
room substrate zone indicated that 90 percent of the dissolved
N captured by thislysimeter wasin organic form (fig. 44). The
native soil not affected by application of spent mushroom
substrate also was a source of organic N because 96 percent of
the total N in soil samples collected over the study site was
organic. During storm events, the subsurface movement of
water likely captured N from these soil-matrix sources; con-
versely, during low flow, flow paths were primarily under these
shallow zones with subsequent increases in the ratio of nitrate
N to total N in low flow relative to stormflow. The mean ratio
of nitrate N to Cl for low-flow and stormflow sampleswas 0.03;
however, low-flow samples indicated a significant decreasing
trend over time, whereas no trend was evident for stormflow
samples (fig. 62). Mean valuesin theratio of nitrate N to Cl for
low-flow samples varied from a mean of 0.16 for two samples
collected in September 1999 to 0.01 for seven samplescollected
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Figure 62. Ratio of nitrate-nitrogen to chloride concentrations
for low-flow and stormflow samples collected at the flume, New
Garden Township spray-irrigation site, Chester County, Pennsyl-
vania, 1999-2001.

inwater year 2002. The mean ratio of nitrate N to Cl for effluent
sampleswas 0.07; thus, outflow from the 20-acre subbasin was
not trending towards values for the ratio of nitrate N to Cl that
would be consistent with spray-irrigated effluent. Similar to
suction-lysimeter data, the ratio of nitrate N to Cl for samples
collected at the outlet of the flume indicated that nitrate N was
being lost from the system as spray-irrigated effluent was mov-
ing through the soil system.

The low-flow data were used to estimate instantaneous
loads of N being transported through the outlet of theflume. An
instantaneous load is determined by multiplying the concentra-
tion by flow and assuming that both are constant for the day so
that pounds per day of constituent can be estimated. Similar to
low-flow concentration data, instantaneous loads of dissolved
N, nitrate N, and total and dissolved forms of organic N indi-
cated significant decreasing trends over time from June 1999
through December 2001 (fig. 63). The median instantaneous
load of total and dissolved N lost from the 20-acre subbasin was
0.12 and 0.11 Ib/d, respectively. The means (0.94 and 0.20 Ib/d
for total and dissolved N, respectively) were higher than the
medians primarily because of the sample collected during the
runoff event induced by the remnants of Hurricane Floyd on
September 16, 1999. The daily loads of total and dissolved N
estimated for September 16, 1999, were 46 and 2.9 |b/d, respec-
tively.

The amount of N being transported from the 20-acre sub-
basin during storm events was determined using the mean con-
centration and mean stormflow for the storms sampled. The
mean duration of the storms sampled was approximately
3.5 hours. Trends in the stormflow loss of N from the 20-acre
subbasin were similar to the trends for concentrations of N spe-
ciesin storm samples (fig. 64). Significant increasing trends
from September 1999 through December 2001 in stormflow
losses of dissolved N, nitrate N, ammoniaN, and total ammonia
N wereidentified. The mean losses of total and dissolved forms
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Figure 63. Instantaneous loads of total and dissolved forms of nitrogen and identification of significant time trends for grab
samples collected at the outlet of the flume, New Garden Township spray-irrigation site, Chester County, Pennsylvania, 1999-
2001. ['(-)" indicates a significant decreasing trend. Significant trends over time were based on an alpha equal to 0.05.]
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of N during storm events sampled were 0.64 and 0.49 | b, respec-
tively. The stormflow concentration data indicated that about
76 percent of thetotal N was organic N. However, there was a
significant decreasing time trend in the ratio of organic N to
total N for storm samples, and a concurrent increasing trend in
theratio of nitrate N to total N. For storm samples collected in
water year 2000, the ratio of total and dissolved organic N to
total N was0.88 and 0.82, respectively; for water year 2001, the
ratio of total and dissolved organic N to total N was 0.67 and
0.63, respectively. Theratio of nitrate N to total N for storm
samples increased from 0.09 to 0.23 from water year 2000 to
2001. Therelative decrease in organic N during storm events
over time was likely caused by application of spray-irrigated
effluent. The zone of spent mushroom substrate directly upgra-
dient of the swale was one source of organic N during storm
events. The average percentage of nitrate N and organic N to
total N in spray-irrigated effluent was 62 and 28 percent,
respectively (table 29). Thus, the increased ratio over time of
nitrate N to total N for storm sampleswas likely caused by the
increased availability of spray effluent during storm events.
Data from lysimeter Ch-5449, which was in the spent mush-
room substrate zone immediately upgradient of the swale, indi-

cated that 90 percent of the dissolved N fraction for water from
this lysimeter was organic N. Storm runoff upgradient of the
spent mushroom substrate zone had to travel through this spent
mushroom substrate zone prior to reaching the swale. As appli-
cation of spray-irrigated effluent and precipitation events
occurred over time, the organic N in the spent mushroom sub-
strate zone was, to some extent, displaced by nitrate N from
spray-irrigated effluent. Even though suction lysimeter and
low-flow dataindicated N in the effluent was being lost from
the system, it was possible during storm events that the infiltra-
tion of precipitation into the upper soil horizons helped to push
nitrate N out of the system before the completion of denitrifica
tion processesin the soil.

The total loss of N from the 20-acre subbasin from July
1999 through December 2001 through the flume was approxi-
mately 250 Ib (table 40). Approximately 28 Ib (11 percent) of
the total loss was caused by a pipe breakage at the site that per-
mitted effluent, with some mixing with water in the upper parts
of the soil matrix, to discharge directly from the site through the
flume. If this N lossis subtracted from the total loss, then
approximately 54 percent of the total N lost from the 20-acre
subbasin was during low flow. Similar to instantaneous load



Table 40. Amount and forms of nitrogen transported during low flow and stormflow through the flume draining the 20-acre subbasin, New Garden Township spray-irrigation site,
Chester County, Pennsylvania, July 1999 through December 2001.

[All constituents are expressed in units of pounds]

. . Nitrate Organic Organic Ammonia Ammonia
Nitrogen, Nitrogen, . . . . .

. nitrogen, nitrogen, nitrogen, nitrogen, nitrogen,

Date total dissolved dissolved total dissolved total dissolved
Low flow  Storm Low flow  Storm Low flow  Storm Low flow  Storm Low flow  Storm Low flow  Storm Low flow  Storm
July 1999 191 0.00 191 0.00 1.39 0.00 0.47 0.00 0.47 0.00 0.04 0.00 0.04 0.00
Aug. 1999 1.82 .94 1.82 .68 1.23 .66 .54 .00 .54 .00 .04 03 .04 .02
Sept. 1999 3.29 16.46 3.19 11.90 151 10.38 1.70 1.65 161 1.07 .05 43 .04 .29
Oct. 1999 541 2.80 5.39 2.05 1.66 22 3.63 252 3.63 177 .08 04 .03 .04
Nov. 1999 5.35 2.49 5.35 191 2.60 A7 2.65 2.16 2.65 1.70 .06 13 .03 .01
Dec. 1999 6.32 2.95 6.32 184 344 .33 2,77 2.45 2.77 1.45 .07 A3 .04 .02
Jan. 2000 7.81 2.01 7.81 121 5.05 27 2.63 172 2.63 .92 .10 .01 .07 .01
Feb. 2000 9.25 14.14 8.77 13.41 5.87 9.60 2.98 4.36 254 3.63 .34 A1 .29 .06
Mar. 2000 5.44 15.28 5.12 9.56 3.07 142 221 13.44 1.90 7.78 .09 .30 .07 .23
Apr. 2000 5.80 2.45 5.49 1.73 1.66 .16 3.63 2.18 3.33 1.37 .39 A7 .39 A7
May 2000 8.12 1.94 754 1.16 131 .09 6.48 1.82 6.00 1.05 .18 .01 .08 .01
June 2000 6.91 4.32 6.70 311 1.37 .55 5.29 3.57 5.13 2.38 a2 .18 .08 A5
July 2000 8.90 341 8.90 2.45 1.28 42 7.34 2.86 7.34 1.92 A7 A1 .10 .09
Aug. 2000 6.85 .68 6.85 46 162 .09 5.01 .57 5.01 .36 14 .01 .07 .01
Sept. 2000 4.58 3.87 4.30 2.58 124 32 314 3.47 291 2.15 .10 .06 .05 .06
Oct. 2000 3.56 .00 3.56 .00 1.86 .00 156 .00 1.56 .00 .09 .00 .05 .00
Nov. 2000 3.01 .64 2.97 A7 1.98 a2 .90 .50 .90 .33 .06 .02 .03 .02
Dec. 2000 2.95 6.33 2.95 5.30 1.89 1.68 .98 4.10 .98 3.10 .05 48 .02 45
Jan. 2001 2.27 6.20 2.27 4.64 164 .90 .58 4.58 .58 3.06 .03 .66 .02 .62
Feb. 2001 3.58 3.3 3.58 1.73 2.58 49 .92 2.58 .92 40 .05 .26 .02 .26
Mar. 2001 2.57 1.62 2.57 113 192 24 .60 1.29 .59 .81 .04 .06 .02 .05
Apr. 2001 1.76 .00 1.63 .00 1.10 .00 .59 .00 48 .00 .03 .00 .02 .00
May 2001 1.43 .00 1.42 .00 .70 .00 .65 .00 .65 .00 .05 .00 .02 .00
June 2001 1.05 5.66 1.05 5.17 .69 131 31 3.44 31 2.97 .04 .80 .02 a7
July 2001 1.06 2.10 1.01 159 21 72 75 124 72 75 .05 a2 .02 .10
Aug. 2001 173 2.62 1.65 2.49 .16 53 1.44 161 1.40 1.49 .06 .33 .03 31
Sept. 2001 156 111 1.42 .96 A7 23 1.26 .82 1.15 .67 .06 .04 .03 .03
Oct. 2001 180 127.92 175 24.38 .38 7.67 1.29 16.48 127 13.04 .07 259 .03 2.49
Nov. 2001 1.60 A1 153 .10 .88 .05 .62 .06 .57 .04 .05 A1 .02 .10
Dec. 2001 1.88 .07 171 .06 1.19 .03 .61 .03 46 .03 .04 .00 .02 .00
Total 11957  131.46 116,53  102.07 51.65 38.65 63.53 79.50 61.00 54.24 2.74 7.19 1.79 6.37

1The entire stormflow load for October 2001 was due to pipe breakage in the spray-irrigation system. The pipe break occurred upgradient of the swale and effluent was discharging through the flume. Discharge
exceeded the base-flow range; therefore, the load caused by this event was considered as stormflow.
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data, the monthly loads of N during low flow decreased over
time. Every month in calendar year 2000 had a higher low-flow
lossof total N than the same month in 2001. Thelow-flow loads
of total N during 2000 and 2001 were 73 and 22 1b, respectively.
The stormflow load of total N during 2001 (23 Ib without the
pipe-breakage |oad) was less than 50 percent of the stormflow
load for 2000 (55 Ib). Stormflow loads were affected primarily
by major events, such as the remnants of Hurricane Floyd,
which accounted for 84 percent of the stormflow load of total N
for September 1999. Other major contributors to the stormflow
load were along-duration snowmelt event in February 2000 and
a4.5in. rain event in March 2000. The loss of total N from the
20-acre subbasin indicated arelation to N in the spray-irrigated
effluent. Fifty percent of the total N applied in spray-irrigated
effluent from June 1999 through December 2001 to the 20-acre
subbasin occurred by mid-April 2000. Similarly, 45 percent of
total N discharged through the flume from July 1999 through
December 2001 was transported from the site by the end of
April 2000. However, N concentrations in water discharging
from the flume were much lower than concentrations of total N
for the spray-irrigated effluent. The mean total-N concentration
for low-flow and stormflow samples collected at theflumewere
1.16 and 2.13 mg/L, respectively. The mean total-N concentra-
tion for effluent sampleswas 11 mg/L.

The proportion of the different formsof N in low-flow and
stormflow loads varied during the study. Sixty percent of the
load of total N in stormflow was organic N; only 52 percent of
theload of total N in low flow was organic N. The added
organic N for stormflow samples was caused partialy by the
increased transport of suspended materialsduring storm events.
Seventy-eight percent of the load of total N during stormflow
was dissolved; 97 percent of theload of total N during low flow
was dissolved. For stormflow, most of the suspended N was
organic. The majority of remaining N was nitrate N; nitrate N
accounted for 43 percent of thelow-flow load of N; only 29 per-
cent of theload of total N in stormflow was nitrate N. L osses of
ammonia N were about twice as high in stormflow than in low
flow. Summing the low-flow and stormflow losses through the
flume, approximately 57 percent of the load of total N was
organic and 36 percent was nitrate N. During the study, theload
of N applied in spray-irrigated effluent to the 20-acre subbasin
was 52 percent nitrate N and 28 percent organic N. The higher
proportion of organic N in water transported through the flume
relative to spray-irrigated effluent was likely related to the
higher concentration of organic N in the upper part of the soil
horizon. Data from the solid-soil phase indicated the soil con-
tained N in mostly organic form and concentrations of organic
N decreased with depth. In addition, soils above the swale
draining the flume were affected by deposition of spent mush-
room substrate that increased concentrations of organic N rela-
tive to background concentrations. Also, the loss of nitrate N
from the system through denitrification also would help to
increase the ratio of organic N to nitrate N in discharge water.

Three N-isotope sampleswere collected at the outlet of the
flume during low flow (October 1999, January 2001, and
November 2001). The sample collected in October 1999 had a
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lower 31°N (nitrate) value (7.0 %o) than the other two samples
(both equal to 11.8 %o). Theincreasein 31N (nitrate) from
7.0 %o to 11.8 %o was likely because of spray-irrigated effluent
mixing with water originating from precipitation events. Typi-
cal soil processesyield 31°N (nitrate) values of 3-8 %o (Heaton,
1986; Hiibner, 1986). The value of 3'°N (nitrate) for lysimeter
Ch-5448 immediately beneath aspent mushroom substrate zone
was 6.4 %o (table 36). Thus, the 3'°N (nitrate) value of 7.0 %o
for the sample collected at the outlet of the flume in October
1999 was consistent with other data. Theincreasein 5*°N
(nitrate) values from October 1999 through 2001 for samples
collected at the outlet of the flume was likely caused by the
movement of nitrate N from the spray-irrigated effluent to the
flume outlet. The average 3*°N (nitrate) value for spray-irri-
gated effluent was 13.3 %o. In addition, removal of nitrate N
through denitrification would also cause an increase in 3°N
(nitrate) values (Karr and others, 2001).

Underflow

The estimated loss of N from the 20-acre subbasin by way
of underflow was estimated from September 1999 through
December 2001 (table 41). Concentrations of dissolved N from
lysimeter nest Lys#3 and shallow well Ch-5177 were used to
estimate the amount of N leaving the site by way of underflow.
Water-level datafor shallow well Ch-5177 were not available
until September 1999. Water levels for Ch-5177 were used to
determine the saturated thickness of the water column down to
the depth of competent bedrock. The estimated volume of water
lost from the 20-acre subbasin by way of underflow was great-
est for the period from April 2000 through August 2000. The
average monthly estimated underflow loss from the 20-acre
subbasin from April through August 2000 was 670,000 gal.
This underflow loss generally coincided with the highest efflu-
ent application rates. The two highest monthly effluent applica
tion rates were in May and July 2000 (table 29). The average
monthly underflow loss from the 20-acre subbasin for Septem-
ber 1999 through December 2001 was 350,000 gal. The esti-
mated volume of water lost by way of underflow also followed
asimilar pattern to the loss of water from the 20-acre subbasin
by way of discharge through the flume, except for September
1999 when the remnants of Hurricane Floyd caused alarge out-
put of storm runoff (fig. 55). The total discharge of water leav-
ing the 20-acre subbasin is the sum of the discharge moving
through the flume plus estimated underflow. Only 5 percent of
the total flow for September 1999 eft the 20-acre subbasin by
way of underflow. Estimated underflow accounted for 34 per-
cent of the total flow from September 1999 through December
2001.

Even though approximately 66 percent of total discharge
leaving the 20 acre-subbasin from September 1999 through
December 2001 was through the flume, the loss of N by way of
underflow was greater than theloss of N through the flume. The
estimated average concentration of dissolved N in underflow
leaving the 20-acre subbasin from September 1999 through
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December 2001 was 12 mg/L. The average concentration of
dissolved N inlow-flow and stormflow samples collected at the
outlet of the flumewas 1.14 and 1.60 mg/L , respectively. Thus,
the average estimated concentration of dissolved N for under-
flow was about a magnitude higher than the concentrationsin
samples collected at the outlet of the flume.

Similar to samples collected at the outlet of the flume,
therewas adecrease over timein the mean estimated concentra-
tion of dissolved N leaving the 20-acre subbasin by way of
underflow (table 41). The mean estimated concentrations of
dissolved N in underflow for water years 2000, 2001, and
2002 were 16, 9.6, and 6.2 mg/L, respectively. The estimated
monthly outputs of N in underflow generally indicated a
decrease over time because of the downward trend in the esti-
mated N concentrationsin underflow. The highest 3-month out-
put of N in underflow occurred from April through June 2000,
with 2701b of N lost, while the lowest 3-month output occurred
from Oct. 2001 through December 2001, when only 44 Ib of N
was lost. The total amount of dissolved N leaving the sitein
underflow from September 1999 through December 2001 was
1,100 Ib, whereas the total amount of dissolved N leaving the
site through flume was 219 pounds from July 1999 through
December 2001.

Nitrate N was the predominant form of dissolved N leav-
ing the 20-acre subbasin by way of underflow. Approximately
94 percent of the estimated dissolved N in underflow leaving
the 20-acre subbasin wasin theform of nitrate, with the remain-
ing fraction organic N. Nitrate N accounted for only 41 percent
of the dissolved N leaving the 20-acre subbasin through the
flume (table 40). The much higher fraction of organic N to
dissolved N in water discharged through the flume was again
indicative of the higher concentration of organic N in the upper
soil horizons. The flume captured more water that moved
through the upper soil horizons, whereas water |eaving the site
asunderflow was moving through deeper soil horizonsthat con-
tained less organic materials. This trend of decreasing concen-
trations of organic N with an increase in depth wasevidentin a
comparison of samples collected from lysimeter nest Lys#3.
The most shallow lysimeter in lysimeter nest Lys#3 was
Ch-5219 (table 9). Organic N accounted for approximately
52 percent of the dissolved N in samples collected from
Ch-5219, whereas water samples from the three lysimeters
below Ch-5219 in lysimeter nest Lys#3 had only about 8 per-
cent of dissolved N in organic form (fig. 44).

Evaluation of the Fate and Transport of Nitrogen

The fate and transport of N within the 20-acre subbasin at
the New Garden spray-irrigation site was studied from spring
1999 through December 2001. Spray application at the site
began in June 1999; thus, processes affecting N fate and trans-
port prior to spray application at the site were not well docu-
mented. Nevertheless, N inputs, N outputs, and N storage com-
partments of the system were extensively studied and areas of

the New Garden site not affected by spray irrigation were used
to help understand pre-spray conditions.

« N inputsto the 20-acre subbasin during the study
period averaged about 190 Ib per month; about 91 per-
cent of the N input was from spray-irrigated effluent
and the remaining was from wet and dry deposition
(table 42). Approximately 70 percent of the 5,420 Ib of
N applied from June 1999 through December 2001 was
inorganic N (nitrate, nitrite, and ammonia).

* Measured atmospheric deposition of N from August
1999 through December 2001 was 490 Ib; 78 percent
was deposited during precipitation events. Theformsof
N in atmospheric deposition were almost equally dis-
tributed between nitrate N (36 percent), organic N
(33 percent), and ammonia N (30 percent). Inputs
from precipitation were distributed relatively evenly
throughout the year; spray-irrigation inputs were high-
est during the growing season (75 percent of the spray-
irrigated effluent was applied from April through Sep-
tember). It was assumed that N fixation by microorgan-
isms was zero over the course of the study.

* N outputs from the 20-acre subbasin during the study
period averaged about 190 |b per month (table42). The
primary N output component was plant harvest. Plant
harvesting removed about 4,560 |b of N during the
three growing seasons from 1999 to 2001 or about
77 percent of thetotal N output during the study period.
Similar to spray-irrigation inputs, the removal of N
through plant harvest was highest during the growing
season. These data indicated the importance of plant
harvesting at spray-irrigation sites.

N output from underflow accounted for about 18 per-
cent of thetotal N output from the 20-acre subbasin
(table 42). Approximately 94 percent of the dissolved
N leaving the 20-acre subbasin in underflow wasin the
form of nitrate with the remaining fraction organic N.
The average estimated monthly output of dissolved N
in underflow was 38 Ib. During the study period, the
monthly amounts of N lost by way of underflow
decreased, primarily because of decreased concentra-
tions of dissolved N in the water column above compe-
tent bedrock at the base of the 20-acre subbasin.

* N output from water discharging through the flume
accounted for about 4 percent of thetotal N output from
the 20-acre subbasin. Thisdischargewasacombination
of overland and subsurface flow. Overland flow during
storm events occurred infrequently. Generally, precipi-
tation events increased soil moisture, with subsurface
water being displaced downgradient to a discharge
location (the swale) at the bottom of the 20-acre sub-
basin. Water discharging from the 20-acre subbasin
during non-storm events occurred over most of the
study period. Fifty-two percent of the N in water dis-
charged through the flume was during storm events.
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Table 41. Monthly estimates of the mass of dissolved N leaving the 20-acre
subbasin as underflow, the weighted N concentration for the saturated water
column above competent bedrock, and the estimated volume of underflow leaving
the 20-acre subbasin, New Garden Township spray-irrigation site, Chester County,
Pennsylvania, September 1999 through December 2001.

[mg/L, milligrams per liter; --, not applicable]

Nitrogen mass We|ghted_N Underflow
Date concentration

(pounds) (mg/L) (gallons)

Sept. 1999 14 17 98,000
Oct. 1999 36 15 280,000
Nov. 1999 36 15 290,000
Dec. 1999 43 15 350,000
Jan. 2000 38 16 290,000
Feb. 2000 29 15 230,000
Mar. 2000 39 16 300,000
Apr. 2000 93 17 660,000
May 2000 110 16 820,000
June 2000 70 17 510,000
July 2000 92 16 680,000
Aug. 2000 95 16 710,000
Sept. 2000 42 15 330,000
Oct. 2000 68 14 570,000
Nov. 2000 33 12 320,000
Dec. 2000 14 12 150,000
Jan. 2001 11 11 110,000
Feb. 2001 19 9.8 240,000
Mar. 2001 19 9.3 250,000
Apr. 2001 21 8.7 290,000
May 2001 13 6.7 230,000
June 2001 32 8.1 480,000
July 2001 19 83 270,000
Aug. 2001 17 7.5 270,000
Sept. 2001 12 6.6 210,000
Oct. 2001 21 6.6 390,000
Nov. 2001 1 6.0 220,000
Dec. 2001 12 6.0 240,000
Total! 1,100 - 9,800,000

IColumns may not sum to total because of rounding.
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Table 42. Summary of inorganic and organic nitrogen inputs and outputs for the 20-acre subbasin, New Garden Township spray-irriga-

tion site, Chester County, Pennsylvania, April 1999 through December 2001.

[N, nitrogen; NA, not available; E, estimated]

Inputs (pounds) Outputs (pounds)'
| 4 Plant . 6 Underflow?
Date Deposition Effluent harvest’ Water discharge
Inorganic N Organic N Inorganic N Organic N | Organic N  Inorganic N Organic N Inorglanlc Organic N

Apr.—June 1999 NA NA E246 E35.0 410 NA NA NA NA
July—Sept. 1999 20 21 993 183 720 20.06 4.36 10 37
Oct.—Dec. 1999 14 20 454 200 440 9.14 16.18 110 32
Jan.—Mar. 2000 57 21 365 69.8 0 26.59 27.34 100 34
Apr.—June 2000 14 28 654 177 410 6.57 2297 260 9.5
July—Sept. 2000 37 19 309 376 890 5.90 22.39 220 4.9
Oct.—Dec. 2000 29 12 114 72.8 0 8.45 8.04 110 39
Jan.—Mar. 2001 29 8.8 0 0 0 9.03 10.55 47 20
Apr.—June 2001 a7 11 437 130 370 491 4.99 57 84
July—Sept. 2001 41 16 239 276 1,320 3.06 7.12 41 6.6
Oct.—Dec. 2001 7.8 24 49.2 457 0 14.29 19.09 39 55

Totals’ 330 160 3,860 1,560 4,560 108 143 1,000 51

1Ammonia volatilization losses of N from July 1999 through December 2001 were estimated to be 12-122 pounds; |osses occurred from April through October

of each year.
2Underflow estimates for N output were available from Sept. 1999 through Dec. 2001
3Data collection for atmospheric deposition began in August 1999.
“4Data collection for effluent input began in June 1999.
SFirst plant harvest wasin May 1999.

6Data collection at flume outlet began in late June 1999; therefore, the first complete month of data collection was July 1999.

“Columns may not sum to totals because of rounding.

The predominant forms of N lost in water discharge
were organic and nitrate N (57 and 36 percent of the
total N lossin water discharge, respectively).

*  Ammoniavolatilization was not found to have an
appreciable effect on the N budget for the 20-acre sub-
basin. Ammoniavolatilization only occurred during the
growing season, and N losses by this mechanism were
estimated to be about 1 percent of thetotal N output.

* N storage in the 20-acre subbasin is summarized in
table 43. N stored in the solid-soil phase was the pre-
dominant form of N in the 20-acre subbasin. The aver-
age amount of N in the solid-soil phase over the entire
20-acre subbasin for soil depths of 04 ft was
170,000 Ib. It was estimated that at least another
120,000 Ib of N werein the solid-soil phase below 4 ft
to competent bedrock. Approximately 98—99 percent of
N in the 04 ft depth interval was in organic form,
which becomes available to plants after mineralization
to nitrate N and ammonium N, but only at arate of 2—
3 percent per year. The mass of available forms of N

increased with depth, which is reflective of plant
uptake of N from soilsin the root zone.

The plant-available (inorganic) mass of N in the solid-
soil phase increased from spring 1999 to fall 2001
(table43). Themassof N asammonium increased from
approximately 700 Ib in spring 1999 to 1,600 Ib in fall
2001 (at depths of 04 ft). Concentrations of nitrate
ionsin the solid-soil phase basically indicated no
change over the same period. Unlike nitrate, which is
transported through the soil system relatively rapidly,
ammonium ions are retained in the soil. The large
increase from 1999 to 2001 is more than the amount of
ammonium added to the system from spray-irrigated
effluent. Mineralization of organic N could aso help to
increase concentrations of ammonium N in the solid-
soil phase.

Variability in concentrations of total N in the solid-soil
phase were likely because of an insufficient number of
discrete soil samples submitted for chemical analyses
and subsampling techniques at the soils |aboratory.
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Table 43. Summary of inorganic and organic nitrogen storage for the 20-acre subbasin, New Garden Township spray-irrigation
site, Chester County, Pennsylvania, April 1999 through December 2001.

[N, nitrogen; NA, not available]

Solid soil Soil water Ground water
(0-4 feet) 9 3
Date (pounds)’ (pounds) (pounds)
Inorganic N Organic N Inorganic N Organic N Inorganic N Organic N
Apr.-June 1999 2,200 190,000 NA NA 1,600 680
July-Sept. 1999 2,100 160,000 1,900 210 1,600 430
Oct.-Dec. 1999 1,700 270,000 1,200 92 1,700 220
Jan.-Mar. 2000 NA NA 2,000 120 1,800 190
Apr.-June 2000 2,000 160,000 1,400 270 1,900 180
July-Sept. 2000 NA NA 940 130 1,800 140
Oct.-Dec. 2000 1,500 140,000 920 110 1,500 140
Jan.-Mar. 2001 NA NA 960 130 1,200 110
Apr.-June 2001 2,100 72,000 680 120 1,000 210
July-Sept. 2001 NA NA NA NA 1,000 200
Oct.-Dec. 2001 3,000 170,000 NA NA 990 430

1The solid soil was sampled to adepth of 4 feet. It was estimated that below 4 feet to competent bedrock, the total mass of N in the 20-acre
subbasin was from 120,000 to 240,000 pounds.

230l -water storage values are averages for the particular time period. Suction-lysimeter data were collected from June 1999 through De-
cember 2001; however, soil-moisture data were available only from September 1999 through June 2001.The mass of N in soil water was esti-
mated from the land surface to the mean water-table atitude bel ow the lysimeter nest, or, if the lysimeter nest was completed bel ow the water
table, the N mass was estimated to the bottom of the lysimeter nest.

3Ground-water storage values are averages for the particular time period. Data are presented from June 1999 through December 2001.The
mass of N in ground water was estimated from the top of the water table to the depth of competent bedrock; however, if the lysimeter nest was
lower in dtitude than the mean water level, the N mass estimated in ground water was from the bottom of the lysimeter nest to the depth of
competent bedrock.

Each field was sampled intensively, but composited tially attributed to the decreased nitrate-N concentra-
samples were submitted to the soilslaboratory for anal- tion for the shallow well at the bottom of the 20-acre
yses. From these composited samples (250 g samples), subbasin. Water samples from thiswell had elevated
the soil laboratory retrieved approximately 1 g for anal- nitrate-N concentrations caused by spent mushroom
ysis. Replicates were submitted to the laboratory and substrate. Application of spray-irrigated effluent
theseindicated variability between replicates of 22 per- helped to flush this nitrate out of the system.

cent for total-N analyses (table 12).

N stored in the soil water and shallow ground water
substantially decreased over the study period in the
20-acre subbasin. Direct comparisons are difficult N(atm) + N(spray) = Nevol) * Nepity + Nelow) + Nuna) + AN(soiry
because of the different timeintervals of sample collec- + AN(gy) + AN(gw)-

tion for both compartments; however, starting and
ending values for both compartments indicated reduc-

The N budget equation given earlier is

In order to use this equation, some manipulation of data pre-

tions in_ the mass 0f_ stored N of 60 and 40 percent, _ sented in tables 42 and 43 was required:

respectively, for soil water and ground water. The pri-

mary form of N in soil water and ground water within » Thetotal amount of measured atmospheric N deposited
the 20-acre subbasin was nitrate. Approximately on the 20-acre subbasin was 490 |b. If the average
86-87 percent of N in soil water and ground water to monthly rate of deposition is added to this number to
the depth of competent bedrock was in the form of account for data gaps, then about 580 |b was deposited
nitrate N; the remaining part was primarily organic N. to the 20-acre subbasin from June 1999 through

Thereductionin N storage for ground water was par- December 2001.
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* Theestimated range of N loss from the 20-acre subba-
sin through ammonia volatilization was from 12 to
120 Ib from 1999 through 2001. For the N budget cal-
culation, it was assumed that 60 Ib of N were lost
through volatilization.

* Only theinorganic fraction of the solid-soil phase was
used to estimate the changeis soil N. It was assumed
that the organic N fraction did not change.

e Theearliest and latest available storage values for the
soil water and ground water (table 43) were used to
compute change in storage for these compartments.

Given the componentslisted above, the N-budget equation
for the 20-acre subbasin from June 1999 through December
2001 is

N(atm) (580) + N(spray) (5,420) + AN(g)”) (-800) + AN(SN)
(+1,310) + AN(gW) (+860) =
Nvoly (60) + Npiry (4,560) + N(fiow) (250) + Nyng) (1,060).

Based on the estimates for the individual components of the
nitrogen budget, the amount of nitrogen input and released from
storage exceeded the amount of nitrogen lost from the basin by
1,440 Ib. Thisimbalance results from overestimating theinputs
or underestimating outputs (or a combination of both) and
reflects the difficulty in accurately quantifying all termsin the
nitrogen budget. If the change in storage terms are removed
from the mass balance equation, the net input exceeds the net
output by 701b. Thelossof N wasmost evident in the soil-water
and shallow ground-water storage compartments. The reduced
mass of N in soil water and shallow ground water during the
study period could be caused by either denitrification, conver-
sion of N in soil water to insoluble N in the solid-soil phase, or
displacement of the soil water and ground water with water less
concentrated with N. It islikely that some N lost from the
system was through denitrification. On the basis of nitrate-N to
Cl ratios, N-isotope data, and redox potentials, it appeared den-
itrification was occurring. Spray irrigation could promote deni-
trification by saturating the soilsand, thus, increasing the anoxic
conditionsin the soil system. Conversion of solubleformsof N
to insoluble forms of N would cause a decrease in concentra-
tions of N in soil water and increase concentrations of N in the
solid-soil phase. This conversion was evident in the decrease of
N in soil water (1,310 Ib) and theincrease of N in the solid-soil
phase (800 Ib) during the study period. Another factor that
affected the N budget was the presence of spent mushroom sub-
strate in the 20-acre subbasin. Application of spray-irrigated
effluent displaced the high nitrate water at the bottom of the 20-
acre subbasin out of the system during the study period. Thedis-
placed water was transported away from the 20-acre subbasin
either through underflow or discharge through the flume.

The maximum permitted application rates at the New Gar-
den Township spray-irrigation site generally were based on
hydraulic loads. Maximum permitted N loads from spray-irri-
gated effluent were based on the maximum hydraulic load and
an assumed total-N concentration of 20 mg/L. For this site and
permit, thetotal-N concentration only included inorganic forms
of N. Most permits for spray-application sitesin Pennsylvania
define total N as both inorganic and organic forms. From June
1999 through December 2001, the theoretical maximum N load
for the 20-acre subbasin was approximately 13,000 Ib (of inor-
ganic N). The actual N applied to the system during this same
period was 3,860 |b of inorganic N and 1,560 of organic N.
Thus, the maximum N load was not realized, which was
expected, especially because the average inorganic-N concen-
tration of spray-irrigated effluent during the study period was
8.2mg/L (11.8 mg/L for both inorganic and organic N). Also,
the actual volume of effluent applied to the 20-acre subbasin
from June 1999 through December 2001 was approximately 56
Mgal. This volume was 70 percent of the allowable maximum
volume.

The spray site was designed so that some N applied during
spray application would be taken up by orchardgrass. As stated
earlier, the site was predominantly orchardgrass, but numerous
other species were present. An economical N application rate
for orchardgrassis 150 Ib/acre (Hall, 2000). Over 20 acres and
three growing seasons, thiswould amount to 9,000 Ib of N. The
amount of N removed from plant harvest during the three grow-
ing seasons of 19992001 was 4,560 Ib. This exceeded the
amount of inorganic N applied through spray-irrigated effluent
by 700 Ib. N input from atmospheric deposition and storage of
N in the upper parts of the soil matrix supplied additional inor-
ganic N to the plants.

N fate and transport indicated that spray irrigation did not
causeincreased loss of N inwater discharging from the 20-acre
subbasin from June 1999 through December 2001. That is, no
increasing trend in N losses from the 20-acre subbasin was
apparent during the study period. Therewasalso no netincrease
in the storage of inorganic N in subsurface compartments.
Approximately 30 percent of the permitted maximum inorganic
N load was applied to the 20-acre subbasin from June 1999
through December 2001. Plant uptake of N wasthe primary fac-
tor inminimizing thelossof N from the 20-acre subbasin. Study
resultsindicated that spray irrigation at the New Garden site
was a better method of removing wastewater from the treatment
facility than discharging the water directly to a surface-water
source.



Summary

The U.S. Geological Survey (USGS), in cooperation with
the Pennsylvania Department of Environmental Protection,
Chester County Water Resources Authority, and the New Gar-
den Township Sewer Authority, conducted a study from Octo-
ber 1997 through December 2001 to assess the effects of spray
irrigating secondary treated sewage effluent on a small water-
shed in New Garden Township, Chester County, Pa. The study
determined the effects the spray-irrigated effluent had on
ground-water and surface-water quantity and quality of the
small watershed and assessed the fate and transport of N.
Annua and monthly water budgets were determined and N
loading fate and transport were tracked. In the annua and
monthly water budgets, evapotranspiration and recharge esti-
mates were determined and evaluated.

Annual water budgets for the study watershed and Red
Clay Creek watershed above the USGS streamflow-gaging
station (01479820) near Kennett Square, Pa., were cal culated to
determine if the Red Clay Creek watershed could serve asa
control watershed or a watershed not affected by the spray
application. Annual water budgets for the study watershed and
the Red Clay Creek watershed were determined for a period
prior to effluent application, May 1998 through April 1999.
Evapotranspiration in the study watershed totaled 24.8 in.,
which accounted for 70 percent of precipitation.
Evapotranspiration in the Red Clay Creek watershed totaled
24.2 in., which accounted for 68 percent of precipitation.
Because the evapotranspiration totals of the two watersheds
were comparable for the period prior to effluent application, it
was assumed that the Red Clay Creek watershed could serve as
an unaffected control watershed.

Annual water budgets for the study watershed and the
Red Clay Creek watershed were determined for two years 2000
and 2001 during effluent application. In the study watershed,
evapotranspiration totaled 32.9 in. in 2000 and 32.5in. in 2001,
which accounted for 50 and 64 percent of precipitation and
applied effluent, respectively. Inthe Red Clay Creek watershed,
evapotranspiration totaled 23.6 in. in 2000 and 24.3in. in 2001,
which accounted for 55 and 67 percent of precipitation,
respectively.

On an annual basis, the spray irrigation increased the
recharge to the watershed. Annual recharge estimates for Red
Clay Creek watershed above the USGS streamflow-gaging sta
tion (01479820) near Kennett Square in 2000 and 2001 totaled
12.5and 6.6 in., respectively. Annual recharge estimatesfor the
study watershed in 2000 and 2001 totaled 21.3 and 10.9 in.
Compared to the annual recharge estimates for the Red Clay
Creek near Kennett Square, the spray irrigation increased
annual rechargein the study watershed by approximately 8.8in.
in 2000 and 4.3 in. in 2001. The 8.8-in. increase in 2000 repre-
sented a 70-percent increase in recharge in the study watershed
above that of the Red Clay Creek watershed. The 8.8-in.
increase in recharge for 2000 represented 39 percent of the
annual applied effluent, which totaled 22.5 in. The 4.3-in.
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increase in 2001 represents a 65-percent increase in recharge
above that of the Red Clay Creek watershed. The 4.3-in.
increase in recharge for 2001 represented 30 percent of the
annual applied effluent, which totaled 14.4 in. Over a 2-year
period, the spray irrigation increased recharge 65—70 percent
above Red Clay Creek watershed, and the increased recharge
equaled 30—39 percent of the applied effluent.

A method was devel oped to determine a monthly water
budget. The monthly water budget differed from an annual
water budget with the addition of estimating the monthly
changein soil-moisture storagein the study watershed. To serve
as acheck of the monthly water-budget method, the calculated
monthly evapotranspiration values were compared to monthly
total crop-referenced evapotranspiration valuesthat were calcu-
lated by the modified Penman-M onteith equation, where mete-
orological parameters measured on the application field are
used. It was assumed that the calculated values of monthly
evapotranspiration from the monthly water-budget equation
would represent actual evapotranspiration from the watershed
and crop-referenced evapotranspiration would represent poten-
tial evapotranspiration. However, the cal culated evapotranspi-
ration values, which were assumed to be actual evapotranspira-
tion, also included the accumulation of errors in measuring,
estimating, or determining all coefficientsin the monthly water-
budget equation. The largest errorswerein the determination of
the volume of water stored in the unsaturated zone because of
the numerous estimations and assumptions used in the devel op-
ment of the determination. In 12 of 28 months, the calculated
evapotranspiration was within £25 percent of the crop-refer-
enced evapotranspiration.

The developed monthly water-budget method was less
reliable during months when extreme climatic conditions
occurred because of the temporal limitations of the data analy-
sis. All analyses, particularly estimates of changes in ground-
water and soil-moisture storage, were calculated using data
measured on the first day of the month. The effects of previous
monthly antecedent conditions, such as snowfall or large
amounts of rainfall that occur near the end of the previous
month, manifest in the following month but are not properly
accounted for in this method. Snowfall that occurs during a
month but does not melt until the end of the month or the fol-
lowing month have adverse effects on the estimates of monthly
soil-moisture storage. Because of the combination of errorsand
the temporal limitations of the data analysis, some negative
monthly evapotranspiration values were cal culated. The nega-
tive calculated evapotranspiration for February 2001 resulted
from a snow event on Feb. 22 and arainfall event on Feb. 25
that dramatically increased the measured percent soil moisture
at the end of the month. The high measured percent soil mois-
ture at the end of the month combined with the receding water
table caused an overestimate of soil-moisture storage for Febru-
ary 2001. The increased soil-moisture storage was because of
climatic events that occurred during the month.

In order to possibly lessen the temporal climatic variabil-
ity, which occurs on amonthly basis, the values of monthly cal-
culated and crop-referenced evapotranspiration were summed
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over calendar years 2000 and 2001. For calendar year 2000, the
cumulative calculated evapotranspiration was 32.4 in. and the
crop-referenced evapotranspiration was 30.7 in., which isadif-
ference of 5.5 percent. For calendar year 2001, the cumulative
calculated evapotranspiration was 33.7 in. and the crop-refer-
enced evapotranspiration was 31.5 in., which is a difference of
6.8 percent. Therefore, the devel oped method and results may
be better applied on a cumulative annual basis when evaluating
evapotranspiration.

On amonthly basisfrom September 1999 through Decem-
ber 2001, recharge estimates equalled or exceeded 3.5 in. per
month for September 1999, March, April, May, and July 2000,
and June 2001. In southeastern Pennsylvania, recharge rates
typicaly are higher in the spring months of March, April, and
May, when evapotranspiration rates are low and percent soil
moisturein the unsaturated zone is high. The elevated recharge
rates for July 2000 and June 2001 (when compared to other
monthly rates) were the result of the spray-irrigated effluent.
Precipitation and applied effluent for July 2000 totaled 8.7 in.
and for June 2001 totaled 7.7 in., which are nearly double the
30-year precipitation normals for those months. However, high
monthly volumes of applied effluent did not always relate
directly to increased monthly recharge. For September 2001,
precipitation totaled 4.91 in. and applied effluent totaled
1.91 in. Although the September 2001 precipitation total was
above normal, 4.35in. of the total monthly precipitation fell in
just 3 days, which was probably too short a duration to suffi-
ciently increase soil moisture and allow recharge. Recharge
depends on the antecedent soil moisture and the volume and
timing of applied effluent with respect to the timing of precipi-
tation events. For this reason, the actual amount of spray-irri-
gated effluent that recharges the ground-water system is diffi-
cult to quantify.

The spray-irrigated effluent isincreasing base flow in the
watershed. The magnitude of the increase appears to be related
to the time of year when the application rates are increased.
During the late fall through winter and into the early spring
period, when application rateswerelow, base flow increased by
approximately 50 percent over the period prior to effluent appli-
cation. During the early spring through summer to the late fall
period, when application rates are high, base flow increased by
approximately 200 percent from the period prior to effluent
application.

Spray-irrigated effluent affected the water quality of the
shallow aquifer on the hilltop application area and on the east-
ern hillside application areas where the underlying unconsoli-
dated sands have alow clay content. Concentrations of nitrate
N and Cl increased in water from hilltop wells Ch-5173 and
Ch-5180; these wells are completed in the western and eastern
application areas, respectively. Median concentrations of
nitrate N and Cl in water collected from well Ch-5173 prior
to effluent application were 0.23 mg/L (milligrams per liter)
and 1.6 mg/L, respectively. Median application period concen-
trations of nitrate N and Cl in water from well Ch-5173 were
0.50 mg/L and 2.5 mg/L, respectively. No samples were col-
lected from well Ch-5180 prior to effluent application because

the well was dry until after application began. Significantly
increasing trends in concentrations of nitrate N and Cl were
seen inwater from wells Ch-5173 and Ch-5180. Concentrations
of nitrate N and Cl increased in water from hillside well
Ch-5179, which is completed in the shallow aquifer underlying
the eastern application area. Median concentrations of nitrate N
and Cl in water collected from well Ch-5179 prior to effluent
application were 0.66 mg/L and 0.80 mg/L, respectively.
Median application period concentrations of nitrate N and Cl
in water from well Ch-5179 were 1.7 mg/L and 36 mg/L,
respectively.

The magnitude of change in water-quality concentrations
between the periods prior to and during effluent application for
certain constituents was associated with the thickness of the
shallow aquifer. The thickness of the shallow aquifer in the
eastern part of the application arearanged from 32 to 39 ft thick
and in the western part ranged from 57 to 62 ft thick. Wells
Ch-5180 and Ch-5179 were in the eastern application area, and
concentrations of calcium, magnesium, sodium, and potassium
increased in water from these wells during the application
period. Concentrations of calcium, magnesium, sodium, and
potassium did not increase in water from well Ch-5173, which
indicated increasing nitrate N and Cl concentrations during the
application period. The thicker sands probably correspond to
greater volumes of stored water, and the water in the western
application area may not be aswell mixed asin the eastern
application areawhere the sands are thinner and lesser amounts
of water are stored.

On the hillside western part of the application area, the
underlying unconsolidated material was thick and had a high
clay content, the ground-water quality did not show any effects
from the spray-irrigated effluent. The spray-irrigated effluent
did affect the water in well Ch-5177, which was in the valley
bottom downgradient and outside the application area. The
spray-irrigated effluent did not increase nitrate N concentra-
tionsin water from well Ch-5177 but actually decreased nitrate
N concentrations. The increased hydraulic loading with spray-
irrigated effluent, which had lower concentrations of nitrate N
(<15 mg/L) than the shallow ground water (concentrations as
high as 24 mg/L), flushed the higher nitrate N concentrated
water from the valley bottom near well Ch-5177. Also, Cl con-
centration in water from valley bottom well Ch-5177 increased,
which was probably the result of the breakthrough of Cl from
the spray-irrigated effluent.

Spray-irrigated effluent affected the water quality of the
bedrock aquifer on the hilltop application areaand in the valley
bottom. On the hilltop application area, concentrations of Cl
and nitrate N increased in water from well Ch-5172, perhaps
because the downward vertical head (water-level) differenceis
greatest on the hilltop when compared to other areasin the
watershed. The vertical head difference on the hilltop averaged
approximately 9 ft, and the vertical head difference on the hill-
side averaged approximately 3 ft throughout the study period.
Concentrations of Cl and nitrate N increased in water from well
Ch-5172, which is on the hilltop. Although the water quality
in the hillside bedrock wells did not show any effects from the



spray irrigation, because of the downward vertical head
differences on the hillsides and the water quality of the overly-
ing shallow aquifer, which does show affects from the spray
irrigation, the water quality of the bedrock aquifer on the hill-
sideslikely will be affected by the spray-irrigated effluent in the
future. In the valley bottom, the spray-irrigated effluent had an
opposite effect on bedrock ground water. Concentrations of
nitrate N, Cl, and sodium were trending downward in water
from bedrock well Ch-5176. The decreasing trends in these
constituents perhaps is because of the increased hydraulic load-
ing which would dilute the in-situ ground water.

Although nitrate levelsincreased in wells on the applica-
tion area, the concentrations were below the effluent concentra-
tion levels. The median concentration of nitrate N inthe applied
effluent was 5.8 mg/L. A combination of plant uptake, biologi-
cal activity, and denitrification may bethe processes accounting
for the nitrate-N concentrations in shallow ground water being
lower than in the effluent. CI concentrations in shallow ground
water in the eastern application area approached the median
effluent input Cl concentrations. The median Cl concentration
of the effluent was 90 mg/L. The Cl concentrationsin water
from wells Ch-5180 and Ch-5179 were 74 and 61 mg/L in sam-
ples collected in December 2001, which was when data collec-
tion ended. Cl concentrations in water from hilltop western
application areawell Ch-5173 increased but were an order of
magnitude less than the input effluent concentration. The Cl
concentration in water from a sample collected in December
2001 was 7.6 mg/L.

As of the end of thisinvestigation in December 2001, the
water quality of the pond or the stream base flow leaving the
watershed was not affected by the spray-irrigated effluent with
respect to concentrations of nutrients or other chemical constit-
uents. Stormflow or loadswere not assessed. However, because
the shallow aguifer under the application areaand in the valley
bottom was affected, the water quality of the pond and stream
base flow will most likely be affected in the future, but the tim-
ing could not be determined in this investigation.

The effects of effluent application on N fate and transport
were studied in a 20-acre subbasin within the small watershed.
Effluent application of 5,420 |b of N (3,840 Ib of inorganic and
1,580 Ib of organic N) from June 1999 through December 2001
did not increase N losses in water discharging from the 20-acre
subbasin. N islost from the system through plant harvest, dis-
charge of water from the 20-acre subbasin, and ammoniavola
tilization during spray-effluent application. The storage of inor-
ganic N in subsurface compartmentsdid not increase during this
same period.

Inputs to the 20-acre subbasin during the study period
averaged about 190 Ib per month; about 91 percent was from
spray-irrigated effluent and the remaining was from atmo-
spheric deposition. The predominant forms of N in applied
effluent werenitrate N (52 percent), organic N (28 percent), and
ammoniaN (14 percent). Measured N input from atmospheric
deposition was 490 Ib from August 1999 through December
2001; 78 percent was during precipitation events. Spray-irriga-
tion inputs were highest during the growing season (75 percent
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of the spray was applied from April through September). Regu-
latory limits on spray irrigation during the winter months lim-
ited the potential for application during the winter. Monthly N
inputs from spray-irrigated effluent were markedly less after
April 2000. Eleven monthsinto the 31-month field study (spray
irrigation was monitored from June 1999 through December
2001), 50 percent of thetotal N load from spray-irrigated efflu-
ent had already been applied to the system.

The primary N output from the 20-acre subbasin was from
plant harvesting. Plant harvesting removed about 4,560 Ib of N
during the three growing seasons from 1999 to 2001. This
amount was about 77 percent of the total N output during the
study period. Seventy-five percent of the effluent (about
4,100 Ib of N or 2,900 Ib of inorganic N) was applied from
April through September. Assuming that only the inorganic-N
portion of the applied effluent was available to plants, the addi-
tional N taken up by plantswas from the storage of N in the soil
matrix. These dataindicated the importance of plant harvesting
at spray-irrigation sites and the importance of timing applica-
tions with plant growth so that some of the applied N is recov-
ered by plants.

The other N outputs from the system, water discharge and
ammoniavolatilization, accounted for the remaining 23 percent
of the N output from the 20-acre subbasin. N output from under-
flow accounted for about 18 percent (or about 1,060 Ib) of the
total N output from the 20-acre subbasin. Approximately
94 percent of the dissolved N leaving the 20-acre subbasin in
underflow wasin theform of nitrate with the remaining fraction
organic N. Water that was not captured by the flume, yet was
discharged from the 20-acre subbasin, was considered under-
flow. Water discharge through the flume accounted for about
4 percent (or about 250 Ib of N) of thetotal N output from the
20-acre subbasin. Water discharge through the flume was a
mixture of water seeping from subsurface zones during non-
storm periods. During storm events, water predominantly
moved to the swale through subsurface zones. Overland flow
did occur at the site but was primarily during large storm events
such asthe precipitation from the remnants of Hurricane Floyd.
The primary forms of N in water discharged from the site were
organic N (57 percent) and nitrate N (36 percent); 52 percent of
the N in water discharged through the flume was during storm
events. Ammonia volatilization was another seasonally depen-
dent component that only occurred during the growing season
when air temperatureswere higher. Lossof N through ammonia
volatilization was estimated to be about 60 Ib during the study
period. Ammonia volatilization could increase appreciably if
spray-irrigation water was allowed to pond on the land surface.
Ponding was not evident at the New Garden site.

N stored in the solid-soil phase was the predominant form
of N in the 20-acre subbasin. The average amount of N in the
solid-soil phase over the entire 20-acre subbasin for soil depths
of 04 ft was 170,000 Ib; it was estimated that at |east another
120,000 Ib of N were in the solid-soil phase below 4 ft to com-
petent bedrock. Approximately 98-99 percent of N inthe 04 ft
depth interval wasin organic form. It was difficult to determine
to what extent the organic-N pool in the solid-soil phase was
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affected by effluent application because of the large variability
inherent in the soil-chemistry data. Inorganic forms of N in the
solid-soil phase from 04 ft indicated an increase from spring
1999 to fall 2001. The mass of inorganic forms of N increased
with depth, indicating that plant uptake was likely reducing
concentrations of available N near theland surface. The mass of
ammonium N increased from approximately 700 |b in spring
1999 to 1,600 Ib in fall 2001 (at depths of 04 ft). Concentra-
tionsof nitrateionsin the solid-soil phase basically indicated no
change over the same period. Unlike nitrate, which is trans-
ported through the soil system relatively rapidly, ammonium
ions are retained in the soil. The large increase in ammonium
from 1999 to 2001 is more than the amount of ammonium
added to the system from effluent. Mineralization of organic N
to inorganic forms of N could aso help to increase concentra-
tions of ammonium in the solid-soil phase. Generally, mineral-
ization of organic N to nitrate and ammonium occurs at arate of
2-3 percent per year.

N stored in the soil water and shallow ground water sub-
stantially decreased over the study period in the 20-acre sub-
basin. Themassof N inthe soil water and shallow ground-water
compartmentsin spring-summer 1999 was about twice as much
asthe mass of N for the last samples collected in 2001. The
primary form of N in soil water and ground water within the
20-acre subbasin was nitrate. Approximately 86-87 percent of
N in soil water and ground water to the depth of competent bed-
rock wasin the form of nitrate N. The mass of N in shallow
ground water was reduced, even though shallow monitor wells
at thetop of the 20-acre subbasin indicated significant increases
in concentrations of nitrate N during the study period. These
increased concentrations (lessthan 1 mg/L increases) at the top
of the 20-acre subbasin were overwhelmed by the reduction in
nitrate concentrations for the well (Ch-5177) at the bottom of
the 20-acre subbasin. The nitrate-N concentrations for samples
collected in June 1999 and December 2001 from Ch-5177 were
16.3 and 6.2 mg/L, respectively. Thiswell had water with ele-
vated nitrate-N concentrations (above background levels)
because of the presence of spent mushroom substrate immedi-
ately upgradient of thewell. Effluent application helped to flush
thisnitrate out of the ground-water system, thus, decreasing the
mass of stored N in the shallow ground-water system.

The amount of effluent N applied to the 20-acre subbasin
during the study period was about 30 percent of the maximum
load of inorganic N allowed by the site permit. The permit was
written to exclude organic N from the maximum load calcula-
tions. The volume of water applied to the sitewas 70 percent of
the allowable hydraulic load. Thus, even though concentrations
of inorganic N did not approach the theoretical values used to
compute the allowable maximum N load, the maximum hydrau-
lic load would have been reached well before the maximum N
load could be applied. Therefore, the theoretical maximum N
load for this site could not have been redlized given the actual
concentrations of inorganic N in the effluent. This spray site
was designed so that some N applied during spray application
would eventually be removed from the site through harvesting
of plant material. The amount of N removed from plant harvest

during the three growing seasons of 1999-2001 was 4,560 |b.
This amount exceeded the amount of inorganic N applied
through spray application by 700 Ib.

The N balance for the site indicated that spray irrigation
did not increase N losses in water discharging from the 20-acre
subbasin during the study period. The storage of inorganic N in
subsurface compartments did not increase. Plant uptake of N
appeared to be the primary factor in minimizing the loss of N
from the 20-acre subbasin. Harvesting of plant materials
removed 4,560 |b of N during the study. Thisamount exceeded
theinorganic-N load applied in effluent and the additional input
from atmospheric deposition; thus, some N taken up by plants
was supplied by subsurface storage compartments. Given that
an economical application rate of N for orchardgrassis 150 Ib
per acre (amounting to 9,000 Ib of inorganic N over 3 yearsand
20 acres), it islikely that additional N could have been applied
to the 20-acre subbasin without causing large increasesin N
lossin water discharging from the ground-water system. This
assumesthat the N would be applied during the growing season,
and the harvesting of the plant material would be maximized.
Older vegetation does not grow as vigorously as younger vege-
tation, and harvesting at shorter time intervals would increase
the N uptake of the plant community. The other factors that
likely helped to reduce N losses through water discharge were
soil processes. On the basis of nitrate-N to Cl ratios, N isotope
data, and redox potential, it appeared that denitrification
occurred in the shallow part of the soil system. Spray irrigation,
besides providing the nitrate to initiate the process, could also
promote denitrification by increasing the anoxic conditionsin
the soil system. Increasing soil moisture generally increases
anoxic conditions. Another processin the soil that could inhibit
transport of N from the 20-acre subbasin was conversion of N
from soluble to insoluble forms. For example, the biological
uptake of nitrate or ammonium would reduce soluble forms of
N and retain the N within the solid-soil matrix.

Study of N fate and transport at the New Garden Township
spray-irrigation site indicated that the landscape can be used to
filter N out of the water prior to discharge from the ground-
water system. Application of additional N beyond what was
applied during this study may increase the loss of N from the
system; however, more N could also be taken up by the plant
community and it islikely that hydraulic limitations on applica-
tion rates would be realized prior to any appreciable increases
intheloss of N from the system. Study results indicated that
spray irrigation at the New Garden site was a better method of
removing wastewater from the treatment facility than discharg-
ing the water directly to a surface-water source.
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Glossary

A

Albedo Thefraction of light that is reflected
by abody or surface.

Aliquot An equal part.

Alpha (statistical) The probability of reject-
ing the statistical hypothesistested when, in
fact, that hypothesisistrue. For most tests, itis
customary to set alpha (a) at 0.05.

Amphibolite (facies) Rock composedlargely
or dominantly of minerals of the amphibole
group. The term has been applied to rocks of
either igneous or metamorphic origin.

Anisotropic Having some physical property
that varies with direction.

Anoxic (anaerobic) Greatly deficient in oxy-
gen.

Antecedent conditions The conditions
present in the basin at the beginning of arunoff
period.

Anthropogenic  Of, relating to, or resulting
from the influence of human beings on nature.

Aquifer (unconfined, semi-confined, and
confined) A water-bearing stratum of perme-
able rock, sand, or gravel.

Aquifer test A test to determine hydrologic
properties of the aquifer involving the with-
drawal of measured quantities of water from or
addition of water to awell and the measure-
ment of resulting changesin head intheaquifer
both during and after the period of discharge or
additions.

Assimilative capacity (of streams) The
capacity of abody of water to cleanseitself; its
capacity to receive waste waters or toxic mate-
rials without del eterious effects and without
damage to aquatic life or humans who con-
sume the water.

Atmospheric deposition (wet & dry) When
the air pollution hits the earth surface. Air pol-
lution washed out of the sky by rain or snow is
called “wet deposition.” When air pollution
deposits without benefit of rain its called “dry
deposition.”

Effects of Spray-Irrigated Effluent on Water Quantity and Quality, and the Fate and Transport of Nitrogen

Atmospheric vapor deficit The difference
between saturation vapor pressure and ambient
vapor pressure.

Auger & auger boring A screwlike boring
tool resembling a carpenter’s auger bit but
much larger, usually motor-driven, designed
for usein clay, soil, and other relatively uncon-
solidated near-surface materials.

Base flow (low flow) That part of the stream
discharge that is not attributable to direct
runoff from precipitation or melting snow; itis
usually sustained by ground-water discharge.

Base-flow recession curve A hydrograph
showing the decrease of the runoff rate after
rainfall or the melting of snow. Direct runoff
and base runoff are usually given separate
curves because they recede at different rates.

Bedrock (competent) A general term for the
rock, usually solid, that underlies soil or other
unconsolidated, superficial material.

Bedrock well Asusedin thisreport, awell
that has been screened in the bedrock.

Bentonite An absorptive and colloidal clay
used especialy as a sealing agent.

Biomass Theamount of living material ina
particular area, stated in terms of the weight or
volume of organisms per unit area or of the
volume of the environment.

Blank sample Samples collected and ana-
lyzed to ensure that environmental samples
have not been contaminated by the overall
data-collection process. The blank solution
used to devel op specific typesof blank samples
isasolution that isfree of the analytes of inter-
est. Any measured value in ablank samplefor
an analyte that was absent in the blank solution
is believed to be due to contamination.

Bulk precipitation Atmospheric deposition
collected in an open funnel in alocation not
affected by the vegetation canopy. Bulk pre-
cipitation will collect both wet and dry deposi-
tion incident upon the funnel.

Butyrate (tube) Rigid tubing with excellent
dimensional stability. Properties include ease
of fabrication, high impact strength, and excel-
lent transparency. It is strong, tough, and dura-
ble and can be cut and sawed with standard
equipment.



c

Capillary forces The molecular forces that
cause the movement of water through small
spaces.

Capillaryfringe Thelower subdivision of the
unsaturated zone immediately above the water
table in which the interstices are filled with
water under pressure less than that of the atmo-
sphere, being continuous with the water bel ow
the water table but held above it by capillary
forces.

Carbonate rock A rock consisting chiefly of
carbonate minerals, such as limestone, dolo-
mite, or carbonate.

Chemoautotrophic Said of an organism that
obtains nourishment from chemical reactions
of inorganic substances.

Churn splitter A container specifically
designed to composite and split surface-water
samples for trace-element analysis.

Composite(d) To make composite or into
something composite.

Crystalline rock An inexact but convenient
term designating an igneous or metamorphic
rock, as opposed to a sedimentary rock. A rock
consisting wholly of relatively large mineral
grains.

D

Data logger An electronic memory device
that acceptsinformation from instruments and
recordsit for future use, usually in aform that
can be read with the help of a personal com-
puter.

Deionized water Water that hasall dissolved
ions removed.

Delineation The physical boundary of some-
thing.

Denitrification (1) Thelossor removal of
nitrogen or nitrogen compounds,

Discharge (streamflow) The volume of
water (or more broadly, volume of fluid
including solid- and dissol ved-phase material),
that passes a given point in a given period of
time.

Discharge area An areain which ground

water isdischarged to theland surface, surface
water, or atmosphere.

Distilled water Water that has been treated
by boiling and condensation to remove solids,
inorganics, and some organic chemicals.

Double-mass curve A plot of the accumula-
tion over time of onevariablein relation to the
accumulation over time of a second variable.

Downgradient Down slope.
E

Evapotranspiration (ET) The combined loss
of water from agiven areaby evaporation from
the land and transpiration from plants.

Potential ET The amount of water that
could be evaporated and transpired if therewas
plenty of water available.

Calculated ET In the conext of this
report, the calculated evapotranspiration isthe
result of the monthly water-budget equation.

Crop-referenced ET The evapotranspi-
ration from ahypothetical grassreference crop
with specific characteristics.

Explanatory variables A variablethat affects
or explainsthe value of the dependent variable.

Exponentially Expressible or approximately
expressible by an exponential function; charac-
terized by or being an extremely rapid
increase.

Extrapolate (1) To use known facts asthe
starting point from which to draw inferences or
draw conclusions about something unknown
or (2) to estimate avalue that falls outside a
range of known values, for example, by
extending a curve on a graph.

F

Flume Anartificial inclined channel used for
conveying water for a specific purpose.

G

Geographic information system (GIS) A
system of hardware and software used for stor-
age, retrieval, mapping, and analysis of geo-
graphic data.

Geologic contact A plane or irregular sur-
face between two types or ages of rock.

Gneiss A foliated rock formed by regional
metamorphism, in which bands or lenticles of
granular minerals alternate with bands or lenti-
clesinwhich mineralshaving flaky or elongate
prismatic habits predominate.
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Gravimetric soil-water
content Measurement of the soil-water con-
tent by weight.

Gravitational flow Downward movement of
water by the force of gravity.

Gravity yield The gravity yield of arock or
soil after saturation or partial saturation isthe
ratio of (a) the volume of water it will yield by
gravity to (b) itsown volume during the period
of ground-water recession.t

Ground-water discharge (1) flow of water
from the zone of saturation; (2) the water
released from the zone of saturation; (3) the
quantity of water released.

Ground-water-flow path (conceptual) The
path of the movement, or flow, of water in the
zone of saturation, whether naturally or artifi-
cialy induced.

Ground-water mounding A raised areain a
water table or other potentiometric surface cre-
ated by ground-water recharge.

Ground-water recharge The process of
water addition to the saturated zone or the
volume of water added by the process.

Ground-water storage (1) The quantity of
water in the zone of saturation; (2) water avail-
able only from storage as opposed to capture.

Ground-water underflow Asused in this
report, ground water that is not being captured
as base flow leaving the watershed.

H

Heterotrophic Said of an organism that nour-
ishesitself by utilizing organic material to syn-
thesize its own living matter.

Homogeneous(ly) A characteristic of a
medium in which material properties are iden-
tical everywhere.

Hydraulic conductivity The rate of flow of
water in gallons per day through across section
of 1 square foot under a unit hydraulic gradi-
ent, at the prevailing temperature.

Hydraulic loading The volume of effluent
applied through spray irrigation.
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Hydrograph separation Methodology usedto
separate the hydrograph of dischargeinto com-
ponents of base flow and runoff.

Igneous rock Rock that solidified from
molten or partly molten material.

Inorganic blank water Water used for qual-
ity-control samplesin which no analytes are
present above laboratory reporting limits.

Interpolate To estimate values of afunction
between two known values.

Interquartile range A measure of spread or
dispersion. Itisthe difference between the 75th
percentile and the 25th percentile.

Isopach map A map showing isolines that
connect points of equal thickness of a geologi-
cal stratum formation or group of formations.

Isotope (nitrogen, stable) Any of two or
more species of atoms of a chemical element
with the same atomic number and nearly iden-
tical chemical behavior but with differing
atomic mass or mass number and different
physical properties.

L

Leaching (soil) Theremoval of material in
solution from soil.

Leguminous plants A family of plants bear-
ing nodules on the roots that contain nitrogen-
fixing bacteria.

Lysimeter (suction) A device for measuring
percolation and leaching losses from a column
of soil under controlled conditions.

Metamorphic rock Any rock derived from
pre-existing rocks by mineralogical, chemical,
and (or) structural changes, essentially in the
solid state, in response to marked changesin
temperature, pressure, shearing stress, and
chemical environment, generally at depth.

Mica schist A schist whose essential constit-
uents are mica and quartz, and whose schis-
tosity ismainly dueto the parallel arrangement
of micaflakes.

1Glossary definition taken verbatim from Rasmussen, W.C., and Andreasen, G.E., 1959, Hydrologic budget of the
Beaverdam Creek basin, Maryland: U.S. Geological Survey Water-Supply Paper 1472, 106 p.



Mineralization The process or processes by
whichamineral or mineralsareintroduced into
arock, resulting in avaluable or potentially
valuable deposit.

Mottle(s) A spot, blotch, or patch of color
occurring on the surface of a sediment or soil.

Nitrification The oxidation (as by bacteria)
of ammonium dlats to nitrites and the further
oxidation of nitritesto nitrates.

Nitrogen fixation The biological process by

which molecular atmospheric nitrogen is con-
verted into achemical compound that is essen-
tial for plant growth.

Nonparametric Statistical methods that do
not require assumptions about the form of the
underlying distribution.

Normalized To make normal, asby atrans-
formation of variables.

0

Oxidation A chemical reaction in which
oxygen is added to an element or compound.

P

Particle density Themassper unit volume of
the soil particles. It is usually expressed in
grams per cubic centimeter.

Percentile A value on ascale of 100 that
indicates the percent of adistribution that is
equal to or below it.

Peristaltic pump Pump used for collecting
samplesfrom shallow wellsand surface water.
The pump isdesigned to take amanual sample
and has the ability to backflush the sample
hose once the sample collection is finished.

Plant uptake The accumulation of nutrients
by plant roots or other tissues.

Porosity Theratio, usually expressed asa
percentage, of the total volume of voids of a
given porous medium to thetotal volumeof the
porous medium.

Porous media Something that allows water
to pass through it.

Pressure transducer A transducer that con-
verts pressure to an analog electrical signal.

p-value The probability of obtaining agiven
outcome due to chance alone. For example, a
significance level of p<=0.05 impliesthat 5

times out of 100 the result could have occurred
by chance.

Q

Quartzite A very hard but unmetamorphosed
sandstone, consisting chiefly of quartz grains
that have been so completely and solidly
cemented with secondary silica that the rock
breaks across or through the grains rather than
around them.

Radiantenergy Energy emitted from the sun
in the form of electromagnetic waves.

Recharge area An areain which water
reaches the zone of saturation by surface infil-
tration.

Redox potential A measure of the availabil-
ity of electronsfor transfer between molecul es.
The availability of electrons determines the
solubility of many chemicals and also affects
the types of organisms that can livein the sys-
tem.

Reference sample Solutions or materials
having a known composition that is certified
by alaboratory. Samples of reference material
are submitted for analysis to ensure that an
analytical method is accurate for the known
properties of the reference material.

Regression (analysis, model) A processfor
determining the statistical relation between a
random variable and one or more independent
variablesthat isused to predict the value of the
random variable.

Replicate sample A set of environmental
samples collected in amanner such that the
samples are thought to be essentially identical
in composition. Replicate samples are col-
lected and analyzed to establish the amount of
variability in the data contributed by some part
of the collection and analytical process.

Residual The difference between results
obtained by observation and by computation
from aformulaor between the mean of several
observations and any one of them.

Runoff (surface, overland, stormflow)

(1) That part of the precipitation, snow melt, or
irrigation water that appearsin uncontrolled
surface streams, rivers, drains or sewers.
Runoff may be classified according to speed of
appearance after rainfall or melting snow as
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direct runoff or base runoff, and according to
source as surface runoff, storm interflow, or
ground-water runoff. (2) Runoff isthe move-
ment of landwater to the oceans, chiefly inthe
form of rivers, lakes, and streams. Runoff con-
sists of precipitation that neither evaporates,
transpires, nor penetrates the surface to
become ground water.

S

Saprolite A soft, earthy, typically clay-rich,
thoroughly decomposed rock, formed in place
by chemical weathering of igneous, sedimen-
tary, and metamorphic rocks.

Saturated soil (moisture) That part of the soil
inwhich all voids are filled with water under
pressure greater than atmospheric.

Secondary treated sewage effluent The
second step in most wastewater-treatment sys-
tems, in which bacteriabreak down the organic
parts of sewage wastes; usually accomplished
by bringing the sewage and bacteriatogether in
trickling filters or in the activated sludge pro-
cess.

Seepage (fair-weather) (1) thefluid dis-
charged at a seep; (2) the amount of fluid dis-
charged at a seep.

Shaft encoder A devicetypically used to
measure water level. This sensor is based on
the clockwise/counterclockwise rotation of a
pulley. Aswater level risesand falls, afloat sit-
ting onthe water surface moveswith thewater.
A wire or metal tape connects the float around
apulley and is held taut by a counterweight on
the other end.

Shallow well Asusedin thisreport, awell
that has been screened in the unconsolidated
material.

Sinusoidal Of, relating to, shaped like, or
varying according to asine curveor sinewave.

Soil horizons Layers of soil. The actual geo-
logical material composing each horizon may
vary because of deposition of materials by
wind, water, and other processes.

Soil test pit An excavation to evaluate and
characterize soil horizons.

Soil bulk density Theratio of the massof sail
toitstotal volume (solids and pores together).
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Soil-moisture deficit The quantity of water
from rainfall or irrigation needed to return a
soil to field capacity; for example, the maxi-
mum water-holding capacity when free drain-
age can occur.

Soil profile (matrix) A vertical section of the
earth’s highly weathered upper surface often
showing various distinct layers, or horizons.

Soluble Susceptible of being dissolved in or
asif inaliquid and especially water.

Specific gravity The heaviness of a sub-
stance compared to that of water, and it is
expressed without units.

Specific yield Theratio of the volume of
water which the porous medium, after being
saturated, will yield by gravity to thevolume of
the porous medium.

Spent mushroom substrate  The soil-like
material remaining after acrop of mushrooms.
Spent substrate is high in organic matter
making it desirablefor use asasoil amendment
or soil conditioner.

Split replicate sample A type of replicate
sample in which an environmental sampleis
split into subsamples contemporaneousintime
and space.

Statistically significant |nfersthat an obser-
vationwas unlikely to have occurred by chance
alone. Statistical significance is commonly
based on a p-value less than or equal to 0.05.
Below this level, the smaller the p-value, the
greater the statistical significance.

Stormflow The runoff reaching stream chan-
nelsimmediately after rainfall or snow melt-
ing.

Stratigraphic Relating to the way in which
rock strataare arranged, and the chronol ogy of
their formation.

Systematically Done methodically, carried
out in amethodical and organized manner.

U

Unconsolidated material (aquifer) Theloose
material that coversthe land surfaces of the
Earth and supports the growth of plants.

Unsaturated zone Thezonebetweentheland
surface and the water table.



v
Volatilization To pass off in vapor.

Volumetric sol-moisture content An esti-
mate of the volume of water stored in the
unsaturated zone of the study watershed.

Volumetric soil-water content The percent
moisture in the soil measured by the soil-mois-
ture probes.

w
Water table The upper surface of a zone of

saturation except where that surface is formed
by a confining unit.

Weir A daminastream or river to raise the
water level or divert its flow.

Glossary
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Appendix 1

Results of chemical and physical analyses of effluent, wet and dry deposition, soil, pan,
and plant samples collected at the New Garden Township spray-irrigation site,

Chester County, Pennsylvania, 1999-2001.
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Table 1-1. Results of chemical and physical analyses of effluent samples collected at the New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1999 through December 2001.

[uS/em, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; mg/L, milligrams per liter; CaCOg, calcium carbonate; mv, millivolts;
N, nitrogen, %o, per mil; B, phosphorus; pg/L, micrograms per liter; —, no data; <, less than]

pH, Specific Water Alkalinity,  Oxidation- Solids,

: Oxygen, - . residue

Date Time field condl_lctance, temp_erature, dissolved field reductl_on at 180 °C,

(stan_dard field flf|d (mg/L) (mg/L as potential dissolved

units) (uS/cm) (°C) CaCO0s) (mv) (mg/L)

5/18/99 1230 6.9 706 14.7 — — — 466
7/6/99 1015 6.9 726 23.7 12 103 — 518
8/3/99 0800 8.4 723 25.8 6.4 — — —
9/9/99 1015 9.2 686 24.5 — — — —
10/7/99 0945 94 580 17.1 7.9 — — 112
10/26/99 1150 75 612 13.3 5.3 — — —
12/9/99 0835 7.8 603 6.8 — — — —
1/6/00 1115 8.7 623 6.2 137 — — 424
3/8/00 1300 7.4 710 7.4 9.2 — — —
3/16/00 1100 — — — — — — —
4/24/00 1100 7.8 625 115 6.9 — — 46
5/4/00 1010 7.3 653 12.2 3 — — —
5/10/00 0930 71 659 — — — — —
5/15/00 0830 7.4 660 14.6 3 — — —
5/31/00 1010 74 641 17.6 1.0 — — —
6/21/00 1030 74 696 — — — — —
6/29/00 0900 84 653 22.0 17 — — —
7/31/00 0845 10.2 654 — — — — —
8/7/00 0850 9.1 711 23.7 5 — — —
8/16/00 0830 9.7 709 23.1 9.6 — — —
9/6/00 0900 9.8 699 20.4 114 — — —
10/3/00 1030 10.1 581 — — — — —
10/31/00 0930 9.9 655 9.6 14.1 — — —
11/16/00 0945 9.5 645 7.2 15.0 — — —
4/26/01 0930 7.1 652 10.7 .8 — — —
6/14/01 0800 6.9 700 18.0 .6 — — 368
6/28/01 0800 8.2 669 21.8 7 — — —
7/18/01 0915 9.2 622 24.8 5.2 — — —
8/22/01 0815 9.6 633 25.2 6.6 — — —
9/27/01 0830 9.6 627 19.0 5.2 — — —
10/25/01 0800 9.6 622 15.3 7.1 — — —
11/14/01 0910 9.5 644 82 7.2 — — —

12/12/01 1120 77 669 85 85 — 206 428




Table 1-1.
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Results of chemical and physical analyses of effluent samples collected at the New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1999 through December 2001.—Continued

[uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; mg/L, milligrams per liter; CaCOs, calcium carbonate; mv, millivolts;
N, nitrogen, %o, per mil; P, phosphorus; pg/L, micrograms per liter; —, no data; <, less than]

Nitrogen  Nitrogen Nitrogen  Nitrogen  °N/"N Phos-
ammonia, ammonia, Nitrogen, Nitrogen, nitrate, nitrite, nitrate phate, Phos- Phos-
Date dissolved total dissolved total dissolved dissolved fraction _ortho, !)horus, phorus,
dissolved dissolved total
(mg/L (ma/L (mg/L) (mg/L) (mg/L (mg/L water (mg/L (ma/L) (mg/L)
asN) asN) asN) asN) (%)
as P)
5/18/99 272 — — 18 13.0 0.073 — 2.89 — —
7/6/99 1.04 1.05 19 19 15.0 .630 — 3.22 3.26 3.37
8/3/99 1.28 124 16 17 12.9 .250 — 2.42 3.55 3.70
9/9/99 .270 27 10 11 9.20 420 — .860 910 131
10/7/99 .690 71 9.7 17 5.60 2.06 — 134 144 8.52
10/26/99 154 1.62 10 11 6.80 .570 15.70 3.86 3.84 4.24
12/9/99 .160 <.02 11 12 9.23 110 — 3.03 3.70 4.12
1/6/00 .070 .08 1 12 9.30 .250 — 2.81 5.33 5.42
3/8/00 4.83 5.08 14 15 7.70 .180 — 2.86 3.92 5.36
3/16/00 5.15 5.30 13 15 7.00 .200 — 154 3.24 4.43
4/24/00 274 1.93 11 13 8.80 .620 — 2.75 2.92 3.48
5/4/00 400 40 11 13 8.90 .150 — 254 2.72 311
5/10/00 .690 .80 9.3 11 7.61 .100 — — — —
5/15/00 131 143 8.3 9.5 5.80 145 — — — —
5/31/00 121 1.20 11 12 7.70 .230 — 2.76 3.08 3.14
6/21/00 2.28 2.39 9.0 8.8 4.80 .330 — 3.05 3.23 3.36
6/29/00 1.35 1.63 7.9 11 4.80 .580 — 2.45 2.33 3.45
7/31/00 .380 40 3.0 6.2 .880 170 — .130 .260 117
8/7/00 2.48 2.55 7.1 13 217 .700 — 1.28 1.24 2.42
8/16/00 .260 .26 5.8 7.7 352 .590 — 430 .600 1.56
9/6/00 .190 1.16 4.3 17 1.82 .600 — .330 .360 125
10/3/00 110 A2 53 74 2.90 .940 — 570 .710 211
10/31/00 <.020 <.02 8.2 11 5.85 <1.00 — 1.09 1.18 243
11/16/00 .050 .07 75 8.4 6.40 .070 — 1.28 137 2.27
4/26/01 7.26 7.94 11 12 2.03 .610 — 2.67 2.86 3.30
6/14/01 4.62 471 10 11 343 .950 — 2.04 354 3.72
6/28/01 2.68 2.76 12 14 472 114 — 4.48 4.94 4.60
7/18/01 1.33 1.39 10 11 2.38 .920 14.20 .503 .619 2.00
8/22/01 .530 54 3.8 5.0 122 .670 — 432 .663 1.39
9/27/01 .390 40 5.8 6.7 1.44 .690 — .564 .680 1.68
10/25/01 .460 .50 4.5 7.8 2.32 275 — .284 .367 1.33
11/14/01 .650 .68 7.2 9.2 4.33 .335 10.10 .643 737 1.58
12/12/01 .160 17 11 13 7.14 .680 — 2.62 2.95 321
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Table 1-1. Results of chemical and physical analyses of effluent samples collected at the New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1999 through December 2001.—Continued

[uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; mg/L, milligrams per liter; CaCOs, calcium carbonate; mv, millivolts; N, nitrogen,
%o, per mil; P, phosphorus; pg/L, micrograms per liter; —, no data; <, less than]

. . Mag- Potas- Silica, . Sulfate, . . Carbon, Carbon,
C_alclum, c_hlorlde, nesil?m, sium,  dissolved s_odlum, dissolved F_Iuorlde, B_romnde, organic,  organic,
Date dissolved dissolved . . dissolved dissolved dissolved .
(mg/L) (mg/L) dissolved dissolved (mq/L as (mg/L) (mg/L (mg/L) (ma/L) dissolved total
(mg/L) (mg/L) Si0,) as S0,) (mg/L as C) (mg/L as C)
5/18/99 39.4 82.4 21.2 15.2 6.8 56.5 529 0.5 — 14 20
7/6/99 415 80.0 231 16.2 7.9 58.6 58.6 5 0.21 16 —
8/3/99 — — — — — — — — — _ —
9/9/99 — — — — — — — — — _ —
10/7/99 32.0 65.7 175 17.1 8.8 51.1 56.0 4 .32 12 16
10/26/99 — — — — — — — — — _ _
12/9/99 — — — — — — — — - — _
1/6/00 417 68.0 19.8 16.6 8.9 47.7 58.8 5 <.20 14 —
3/8/00 — — — — — — — — — _ _
3/16/00 — — — — — — — — — _ —
4/24/00 39.9 80.0 17.3 16.8 11.3 53.3 51.6 A4 <.20 14 —
5/4/00 — — — — — — — — — _ _
5/10/00 — 78.8 — — — — — — — — _
5/15/00 — 81.0 — — — — — — — _ —
5/31/00 — 83.0 — — — — — — — _ —
6/21/00 — 86.0 — — — — — — — _ —
6/29/00 — 86.0 — — — — — — — _ _
7/31/00 — 94.1 — — — — — — — _ _
8/7/00 — 102 — — — — — — - — _
8/16/00 — 103 — — — — — — — _ —
9/6/00 — 107 — — — — — — — _ —
10/3/00 — 90.0 — — — — — — — — 17
10/31/00 — 180 — — — — — — — _ _
11/16/00 — 99.0 — — — — — — — _ 13
4/26/01 — 84.0 — —_ — — — — - _ 14
6/14/01 37.8 83.0 16.5 15.8 7.9 58.8 41.0 5 <.20 15 —
6/28/01 — 90.0 — — — — — — — _ —
7/18/01 — 89.0 — — — — — — — — 17
8/22/01 — 97.0 — — — — — — — _ _
9/27/01 — 95.7 — — — — — — — _ 11
10/25/01 — 96.4 — — — — — — — — _
11/14/01 — 90.4 — — — — — —_ — _ 17
12/12/01 40.0 93.0 17.0 17.0 7.3 62.9 55.2 7 <.20 11 18
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Table 1-1. Results of chemical and physical analyses of effluent samples collected at the New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1999 through December 2001.—Continued

[uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; mg/L, milligrams per liter; CaCOj, calcium carbonate; mv, millivolts; N, nitro-
gen, %o, per mil; P, phosphorus; pg/L, micrograms per liter; —, no data; <, less than]

AI_uminum, Aptimony, I-.\rsenic, ?arium, _Boron, c?dmium, CI]romium, Fopper, _ Iron, tolallr(r):(':ov-
Date dissolved dissolved dissolved dissolved dissolved dissolved dissolved dissolved dissolved erable
(Ha/L) (Ha/L) (1g/L) (no/L) (Hg/L) (ng/L) (Ha/L) (1o/L) (Ho/L) (ug/L)
518/99 <10 — — — 171 — — — 70 —
7/6/99 — — — — <200 — — — 50 —
8/3/99 — — — — — — — — — —
9/9/99 — — — — — — — — — —
10/7/99 — <2.00 54 4.9 <200 <0.20 <4.0 7.2 <20 —
10/26/99 — — — — — — — — — —
12/9/99 — — — — — — — — — —
1/6/00 — — — — 216 — — — 40 —
3/8/00 — — — — — — — — — —
3/16/00 — — — — — — — — — —
4/24/00 39 — — — <200 — — — 60 —
5/4/00 — — — — — — — — — —
5/10/00 — — — — <200 — — — — —
5/15/00 — — — — <200 — — — — —
5/31/00 — — — — — — — — — —
6/21/00 — — — — — — — — — —
6/29/00 — — — — — — — — — —
7/31/00 — — — — — — — — — —
8/7/00 — — — — — — — — — —
8/16/00 — — — — — — — — — —
9/6/00 — — — — — — — — — —
10/3/00 — — — — — — — — 750 800
10/31/00 — — — — — — — — — —
11/16/00 — — — — — — — — <20 440
4/26/01 — — — — — — — — 40 120
6/14/01 35 — — — 249 — — — 70 —
6/28/01 — — — — — — — — — —
7/18/01 — — — — — — — — <20 30
8/22/01 — — — — — — — — — —
9/27/01 — — — — — — — — <20 60
10/25/01 — — — — — — — — — —
11/14/01 — — — — — — — — 20 640

12/12/01 23 <2.00 <4.0 10.3 310 <20 <4.0 9.4 20 —
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Table 1-1. Results of chemical and physical analyses of effluent samples collected at the New Garden Township spray-irrigation site,
Chester County, Pennsylvania, May 1999 through December 2001.—Continued

[uS/em, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; mg/L, milligrams per liter; CaCOg, calcium carbonate; mv, millivolts; N, nitro-
gen, %o, per mil; P, phosphorus; pg/L, micrograms per liter; —, no data; <, less than)

Manganese,

) Lead, quganese, total I:ithium, Mercury, !\Iickel, Sglenium, St_rontium, ) Zinc,
Date dissolved dissolved dissolved dissolved dissolved dissolved dissolved dissolved
(hg/L) gty e gl el o) el Gl Gl
5/18/99 — 171 — — — — — — 83
7/6/99 — 129 — — — — — — 134
8/3/99 — — — — — — — — —
9/9/99 — — — — — — — — —
10/7/99 <1.00 16.0 — <25.0 <0.20 17.6 <7.0 118 70
10/26/99 — — — — — — — — —
12/9/99 — — — — — — — — —
1/6/00 — <10.0 — — — — — — 55
3/8/00 — — — — — — — — —
3/16/00 — — — — — — — — —
4/24/00 — 34.0 — — — — — — 919
5/4/00 — — — — — — — — —
5/10/00 — — — — — — — — 91
5/15/00 — — — — — — — — 300
5/31/00 — — — — — — — — 59
6/21/00 — — — — — — — — 69
6/29/00 — — — — — — — — 159
7/31/00 — — — — — — — — <10
8/7/00 — — — — — — — — 75
8/16/00 — — — — — — — — 15
9/6/00 — — — — — — — — 34
10/3/00 — 83.0 82 — — — — — <10
10/31/00 — — — — — — — — 20
11/16/00 — <10.0 41 — — — — — 20
4/26/01 — 135 154 — — — — — 122
6/14/01 — 193 — — — — — — 159
6/28/01 — — — — — — — — 15
7/18/01 — 30.0 56 — — — — — <10
8/22/01 — — — — — — — — <10
9/27/01 — <10.0 36 — — — — — <10
10/25/01 — — — — — — — — <10
11/14/01 — <10.0 310 — — — — — 21

12/12/01 <1.00 <10.0 — <25.0 <.20 14.9 <7.0 130 100
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Table 1-2. Results of chemical analyses of wet-precipitation samples collected at the New Garden Township spray-irrigation site,
Chester County, Pennsylvania, August 1999 through December 2001.

[uS/em, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; N, nitrogen, P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no

data; <, lessthan]

_ Specific _ Nitroge_n, Nitroge_n, _ Ni?rogen, Ni?rogen, Nit_ro_gen,
pH. field Chloride, ammonia, ammonia, Nitrogen, nitrate, nitrate, nitrite,
Date Time (standard conduct- dissolved dissolved total dissolved dissolved total dissolved
wnits) ey (Mo (mglL (mgL  (mgl)  (mgL  (mgL  (mgl
asN) as N) as N) asN) asN)

08/15/1999 0800 — — — — 0.85 — — 117 —
08/26/1999 0745 49 7 <0.5 — .20 — — .08 —
09/30/1999 0800 4.8 9 .8 — .10 — — A1 —
11/03/1999 0700 — — 14 — .09 — — .05 —
12/06/1999 1000 5.8 10 <5 — .18 — — A5 —
02/03/2000 1000 5.1 — .8 — .04 — — A7 —
02/09/2000 0900 6.0 10 4 — 19 — — A7 —
03/11/2000 2000 4.7 28 9 — .59 — — .62 —
04/18/2000 0800 4.2 54 1.0 — .58 — — .64 —
05/11/2000 0910 4.6 — <5 — 46 — — 41 —
06/22/2000 0940 4.8 14 <5 — .25 — — .24 —
07/26/2000 1215 5.1 7 <5 — .04 — — A1 —
08/15/2000 0800 6.1 12 .5 0.260 — 11 0.290 — <0.040
09/13/2000 1240 — — .6 — 46 — — 32 —
10/19/2000 0800 — — 34 — 75 — — 1.09 —
12/14/2000 0930 5.0 19 12 — 15 — — .30 —
01/22/2001 1000 7.3 24 17 .140 — 46 .250 — <.040
01/30/2001 1800 7.4 18 .6 — .29 — — 21 —
03/16/2001 1000 — — <5 — .20 — — .54 —
03/21/2001 1800 5.4 6 7 — .06 — — .09 —
05/22/2001 1600 4.2 45 .6 — 43 — — 49 —
07/10/2001 1700 3.6 69 <5 — 49 — — .66 —
09/20/2001 1700 — — <5 — 19 — — 14 —
12/08/2001 2200 4.4 27 <5 — .30 — — .53 —
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Table 1-2. Results of chemical analyses of wet-precipitation samples collected at the New Garden Township spray-irrigation site,
Chester County, Pennsylvania, August 1999 through December 2001.—Continued

[uS/em, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; N, nitrogen, P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no
data; <, lessthan]

Nit_ro_gen, Nitrogen, Carho_n, Boron, Boron, total Iron, total Manganese, Zinc, Zinc, total
Date Time nitrite, total organic, dissolved recoverable recoverable total dissolved recoverable
ol omgr) R e et en R g (g
(mg/L as N) (mg/L as C) (ng/L)
08/15/1999 0800 <0.04 5.3 — — — — — — —
08/26/1999 0745 <.04 .64 <10 — <200 <20 13 — <10
09/30/1999 0800 <.04 .39 — — — — — — <10
11/03/1999 0700 <.04 34 — — — — — — <10
12/06/1999 1000 <.04 .59 — — — — — — <10
02/03/2000 1000 <01 .33 — — — — — — 14
02/09/2000 0900 <.04 .79 — — — — — — 12
03/11/2000 2000 <.04 16 2.3 — <200 100 <10 — <10
04/18/2000 0800 <.04 13 — — — — — — 14
05/11/2000 0910 <.04 16 — — — — — — 17
06/22/2000 0940 <.04 .55 — — — — — — 65
07/26/2000 1215 <.04 .35 — — — — — — 21
08/15/2000 0800 — — — <200 — — — 462 —
09/13/2000 1240 <.04 10 — — — — — — 15
10/19/2000 0800 <.04 21 — — — — — — 528
12/14/2000 0930 <.04 .62 — — — — — — 91
01/22/2001 1000 — — — <200 — — — 11 —
01/30/2001 1800 <.04 .66 18 — <200 30 <10 — 102
03/16/2001 1000 <.04 .83 — — — — — — 61
03/21/2001 1800 <.04 .29 13 — <200 20 <10 — 95
05/22/2001 1600 <.04 11 — — — — — — 149
07/10/2000 1700 <.04 12 2.6 — <200 <20 <10 — 10
09/20/2001 1700 <.04 .34 <1.0 — <200 20 <10 — 11
12/08/2001 2200 <.04 11 — — — — — — <10




Table 1-3. Results of chemical analyses of dry-deposition samples collected at the New Garden Township

spray-irrigation site, Chester County, Pennsylvania, November 1999 through October 2001.

[L, liters; mg/L, milligrams per liter; pg/L, micrograms per liter; N, nitrogen; C, carbon; —, no data; <, less than]

Appendix 1

) Rinse D?position ::::3:';’ Nl::::a!i:n' !\Iifrogen, Nitrogen,
Date Time volume interval total ! total ' nitrite, total total
(L)t (days)? (mglLasN)  (mg/LasN) (mg/L as N) (mg/L)

11/02/1999 0705 12 3.89 0.08 0.08 <0.04 0.62
01/19/2000 1000 11 8.88 .08 .04 <.04 .26
03/16/2000 1005 12 3.07 .04 <.04 <.04 <.06
05/10/2000 1050 11 1.98 <.02 .06 <.04 .32
09/11/2000 1100 .8 5.01 .05 14 <.04 27
10/31/2000 0810 14 4.88 <.02 <.04 <.04 .16
04/26/2001 1040 15 .92 <.02 <.04 <.04 <.06
06/27/2001 1200 1.2 2.10 .02 .04 <.04 .16
09/18/2001 1200 15 1.06 <.02 <.04 <.04 A1
10/11/2001 1130 14 2.10 .08 <.04 <.04 <.06

1 Rinse volume is the amount of inorganic free water used to capture particles on the surface of the bulk-deposition sampler.

2 The deposition interval is the length of time between cleaning the bulk-deposition sampler and retrieving a dry-deposition sample.

Chloride, Carbo_n, Boron, total Iron, total Manganese, Zing, total
. . organic, total
Date Time dissolved recoverable recoverable recoverahle
(mg/L) total (/L) (ug)  recoverable T on)

(mg/L as C) (ng/L)
11/02/1999 0705 <0.5 — — — — <10
01/19/2000 1000 <5 — — — — <10
03/16/2000 1005 <5 — — — — <10
05/10/2000 1050 <5 — — — — <10
09/11/2000 1100 <5 — — — — <10
10/31/2000 0810 <5 — — — — 11
04/26/2001 1040 <5 1.1 <200 50 <10 27
06/27/2001 1200 .6 — — — — 18
09/18/2001 1200 <5 <1.0 <200 <20 <10 <10
10/11/2001 1130 <5 — — — — <10

14



142 Effects of Spray-Irrigated Effluent on Water Quantity and Quality, and the Fate and Transport of Nitrogen

Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site, New Garden
Township, Pennsylvania, April 1999 through October 2001.

[g/cm3, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOj3, calcium carbonate; ppm, parts per million; >, greater
than; <, less than; —, no data)

Bulk pH, Redox Nitrog(_an, Nit.rogen, "“."’9‘*“' Nitrogen
Field Depth Date density paste otential ~ omromum nitrate nitrite (percentage
(inches) (g/emd) (standard P (mv) (mg/kg (mg/kg (mg/kg P mass)g
g units) of N) of N) of N)

Middle 0-8 05/04/1999 111 6.6 -60 2.6 10.3 <.01 143
Middle >8-24 05/04/1999 133 6.5 227 18 2.7 <.01 .050
Middle >24-48 05/04/1999 144 6.7 235 18 2.0 <.01 .012

Bottom 0-8 05/07/1999 119 7.1 -144 3.0 7.9 <.01 .263
Bottom >8-24 05/07/1999 145 7.2 166 35 2.2 <.01 .085
Bottom >24-48 05/07/1999 1.56 7.0 224 24 23 <.01 .031

Upper 0-8 08/10/1999 1.29 6.7 125 2.8 6.8 <.01 149
Upper >8-24 08/10/1999 134 6.6 161 3.8 4.2 <.01 .039
Upper >24-48 08/10/1999 144 6.9 225 14 32 <.01 <.001

Lower 0-8 08/30/1999 1.28 7.2 101 16 241 <.01 .281
Lower >8-24 08/30/1999 144 7.1 147 19 59 <.01 .063
Lower >24-48 08/30/1999 1.58 7.1 219 15 33 <.01 .022

Upper 0-8 11/09/1999 1.20 6.6 145 9 6.3 d 192
Upper >8-24 11/09/1999 1.60 6.5 212 3 4.0 d .068
Upper >24-48 11/09/1999 1.56 6.5 247 12 3.9 d .034
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Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site,
New Garden Township, Pennsylvania, April 1999 through October 2001.—Continued

[glcm3, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOj3, calcium carbonate; ppm, parts per million; >,
greater than; <, less than; —, no data]

CaCo0, Chloride

Depth Carbon equivalents (water Iron Manganese Zinc

Field ep Date (percentage q (extractable, (extractable, (extractable,
(inches) (percentage extractable, 1 1 1
mass) ppm) ppm) ppm)

mass) mg/kg)

Middle 0-8 05/04/1999 1.45 2 79.2 47.0 10.1 253
Middle >8-24 05/04/1999 .340 3 75.7 14.3 3.71 .28
Middle >24-48 05/04/1999 272 3 88.6 7.70 1.20 A1

Bottom 0-8 05/07/1999 244 5 98.7 78.3 10.4 5.88
Bottom >8-24 05/07/1999 .648 3 117.4 23.1 4.23 .39
Bottom >24-48 05/07/1999 374 3 82.6 15.6 1.76 A1

Upper 08 08/10/1999 — — — — — —
Upper >8-24 08/10/1999 — — — — — _
Upper >24-48 08/10/1999 — — — — — _

Lower 0-8 08/30/1999 — — — — — _
Lower >8-24 08/30/1999 — — — — — _
Lower >24-48 08/30/1999 — — — — — _

Upper 0-8 11/09/1999 1.66 .53 153 55.7 117 3.98
Upper >8-24 11/09/1999 .39 .69 119 195 3.95 .50
Upper >24-48 11/09/1999 A3 .81 915 14.9 201 .30

Liron, manganese, and zinc were extracted with Ammonium bicarbonate diethylenetriaminepentaacetic acid (AB-DTPA).
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Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site, New Garden
Township, Pennsylvania, April 1999 through October 2001.—Continued

[g/cm?, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOy, calcium carbonate; ppm, parts per million; >, greater
than; <, less than; —, no data)

Bulk pH, Redox Nltrog(_an, Nlt.rogen, "".’ ogen, Nitrogen
Field Depth Date density paste potential ammonium nitrate nitrite (percentage
(inches) (g/emd) (standard (mv) (mg/kg (mg/kg (mg/kg mass)
g units) of N) of N) of N)
Lower 0-8 11/23/1999 1.25 7.2 127 13 8.1 0.2 0.327
L ower >8-24 11/23/1999 1.38 6.9 152 5 54 1 122
Lower >24-48 11/23/1999 1.50 6.9 200 <1 36 A .037

Control (2) 0-8 12/01/1999 119 7.2 93 9 6.4 d .288
Control (2) >8-24 12/01/1999 1.56 7.0 201 4 55 2 130
Control (2)  >24-48 12/01/1999 1.63 6.9 227 d 4.6 4 .054

Upper 0-8 04/20/2000 1.30 6.7 515 33 6.3 <.01 120
Upper >8-24 04/20/2000 1.49 6.6 155 24 2.6 <.01 .052
Upper >24-48 04/20/2000 1.39 6.7 198 14 25 <.01 .018

Middle 0-8 04/26/2000 1.28 6.9 61 3.6 7.0 <.01 136
Middle >8-24 04/26/2000 1.46 6.8 125 23 22 <.01 .028
Middle >24-48 04/26/2000 161 6.9 190 17 22 <.01 .020

Bottom 0-8 04/27/2000 113 7.1 99 4.2 39 <.01 327
Bottom >8-24 04/27/2000 153 7.0 13.8 29 21 <.01 .073
Bottom >24-48 04/27/2000 1.49 6.9 238 22 15 <.01 .039
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Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site, New Garden
Township, Pennsylvania, April 1999 through October 2001.—Continued

[g/cm3, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOs, calcium carbonate; ppm, parts per million; >, greater
than; <, less than; —, no data)

CaCo0, Chloride

Denth Carbon equivalents (water Iron Manganese Zinc
Field . P Date (percentage 4 (extractable, (extractable, (extractable,
(inches) mass) (percentage extractable, m)! m)! m)!
mass) mg/kg) pp pp pp
Lower 0-8 11/23/1999 2.76 1.03 98.3 140 16.3 10.0
L ower >8-24 11/23/1999 .70 .52 75.3 52.4 5.14 1.46
Lower >24-48 11/23/1999 22 <.01 136 21.6 97 41

Control (2) 0-8 12/01/1999 2.16 52 168 140 9.32 5.60
Control (2) >8-24 12/01/1999 77 48 97.3 62.3 4.40 1.87
Control (2) >24-48 12/01/1999 .20 1.02 58.3 17.9 .67 .38

Upper 0-8 04/20/2000 — — — — — _
Upper >8-24 04/20/2000 — — — — — _
Upper >24-48 04/20/2000 — — — — — _

Middle 0-8 04/26/2000 — — — — — —
Middle >8-24 04/26/2000 — — — — — —
Middle >24-48 04/26/2000 — — — — — —

Bottom 0-8 04/27/2000 — — — — — _
Bottom >8-24 04/27/2000 — — — — - _
Bottom >24-48 04/27/2000 — — — — — _

Liron, manganese, and zinc were extracted with Ammonium bicarbonate diethylenetriaminepentaacetic acid (AB-DTPA).
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Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site, New Garden
Township, Pennsylvania, April 1999 through October 2001.—Continued

[g/cm3, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOj3, calcium carbonate; ppm, parts per million; >, greater
than; <, less than; —, no data)

Bulk pH, Redox Nltrog(_an, Nlt.rogen, "".’ ogen, Nitrogen
Field Depth Date density paste potential ammonium nitrate nitrite (percentage
(inches) (g/emd) (standard (mv) (mg/kg (mg/kg (mg/kg mass)
g units) of N) of N) of N)
Upper 0-8 07/13/2000 125 6.8 -135 4.1 141 0.2 0.39%4
Upper >8-24 07/13/2000 143 6.5 194 23 4.6 2 .044
Upper >24-48 07/13/2000 1.46 6.5 220 18 3.0 2 .021

Lower 0-8 07/19/2000 122 7.1 -34 35 10.8 2 297
Lower >8-24 07/19/2000 134 6.7 190 2.8 4.9 2 .054
Lower >24-48 07/19/2000 1.59 6.8 238 15 2.2 2 .024

Upper 0-8 11/01/2000 132 7.1 68 25 3.9 d 27
Upper >8-24 11/01/2000 1.46 6.6 256 2.0 21 2 .028
Upper >24-48 11/01/2000 152 6.7 265 19 2.0 d .012

Control (1) 0-8 12/05/2000 141 7.2 -114 3.8 5.4 d .264
Control (1) >8-24 12/05/2000 1.30 6.8 137 25 2.0 2 .067
Control (1)  >24-48 12/05/2000 131 6.8 141 21 14 4 .002

Lower 0-8 12/11/2000 1.29 6.8 72 33 37 a1 129
Lower >8-24 12/11/2000 1.38 6.8 191 2.8 24 d .067
Lower >24-48 12/11/2000 147 6.8 284 21 12 a1 .025
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Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site, New Garden
Township, Pennsylvania, April 1999 through October 2001.—Continued

[g/cm3, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOj3, calcium carbonate; ppm, parts per million; >, greater
than; <, less than; —, no datal

CaCo0, Chloride

Depth Carbon equivalents (water Iron Manganese Zinc
Field . P Date (percentage 4 (extractable, (extractable, (extractable,
(inches) mass) (percentage extractable, m)! m)! m)!
mass) mg/kg) pp pp pp
Upper 0-8 07/13/2000 4.03 — 112 494 19.3 19
Upper >8-24 07/13/2000 408 — 96.6 19.0 7.40 <1
Upper >24-48 07/13/2000 212 — 83.6 10.2 3.20 <1

Lower 0-8 07/19/2000 2.66 — 138 113 16.2 8.1
Lower >8-24 07/19/2000 403 — 90.2 221 5.40 d
Lower >24-48 07/19/2000 .180 — 112 13.2 1.60 <1

Upper 0-8 11/01/2000 1.32 — 24.2 50.9 10.3 116
Upper >8-24 11/01/2000 247 — 37.0 17.6 1.82 07
Upper >24-48 11/01/2000 126 — 29.9 157 89 02

Control (1) 0-8 12/05/2000 436 — 18.1 254 3.12 .65
Control (1) >8-24 12/05/2000 2.70 — 13.8 127 9.20 9.27
Control (1) >24-48 12/05/2000 27 — 17.3 13.7 1.40 31

Lower 0-8 12/11/2000 132 — 35.9 112 11.0 231
Lower >8-24 12/11/2000 521 — 16.2 26.6 6.31 .32
Lower >24-48 12/11/2000 158 — 18.7 21.7 2.33 .05

Liron, manganese, and zinc were extracted with Ammonium bicarbonate diethylenetriaminepentaacetic acid (AB-DTPA).
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Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site, New Garden
Township, Pennsylvania, April 1999 through October 2001.—Continued

[g/cm3, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOj3, calcium carbonate; ppm, parts per million; >, greater
than; <, less than; —, no data)

Bulk pH, Redox Nitrog(_an, Nit.rogen, "“."’9‘*“' Nitrogen
Field Depth Date density paste otential ~ omromum nitrate nitrite (percentage
(inches) (g/emd) (standard P (mv) (mg/kg (mg/kg (mg/kg P mass)g
g units) of N) of N) of N)

Lower 0-8 06/14/2001 1.24 6.9 -594 2.6 6.8 <1 138
Lower >8-24 06/14/2001 142 6.8 -694 31 2.7 <1 .022
Lower >24-48 06/14/2001 141 6.7 -268 21 33 <1 .002

Upper 0-8 07/02/2001 1.22 6.7 -230 3.0 16.2 <1 .109
Upper >8-24 07/02/2001 137 6.6 -244 22 2.6 <1 .010
Upper >24-48 07/02/2001 1.38 6.6 -241 2.8 21 <1 .003

Middle 0-8 10/23/2001 1.18 7.0 -734 5.0 5.7 .04 .160
Middle >8-24 10/23/2001 145 6.9 -364 4.8 34 .46 .043
Middle >24-48 10/23/2001 1.49 6.9 -214 5.0 31 .60 .017

Bottom 0-8 10/30/2001 114 7.1 -709 74 8.0 A3 .289
Bottom >8-24 10/30/2001 1.48 7.0 -299 53 4.3 40 .053
Bottom >24-48 10/30/2001 1.63 6.6 -312 51 55 .56 .028
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Table 1-4. Chemical and physical properties of soil samples collected at the New Garden Township spray-irrigation site, New Garden
Township, Pennsylvania, April 1999 through October 2001.—Continued

[o/cm3, grams per cubic centimeter; mv, millivolts; mg/kg, milligrams per kilogram; N, nitrogen; CaCOg, calcium carbonate; ppm, parts per million; >, greater
than; <, less than; —, no data)

CaCo0, Chloride

Depth Carbon equivalents (water Iron Manganese Zinc
Field . P Date (percentage 4 (extractable, (extractable, (extractable,
(inches) mass) (percentage extractable, m)! m)! m)!
mass) mg/kg) pp pp pp

Lower 0-8 06/14/2001 1.555 — 530 51.8 8.51 1.66
Lower >8-24 06/14/2001 .382 — 42.6 18.1 5.83 .25
Lower >24-48 06/14/2001 122 — 56.6 124 1.44 .06

Upper 0-8 07/02/2001 1.257 — 218 37.1 234 1.01
Upper >8-24 07/02/2001 385 — 50.2 11.8 3.10 09
Upper >24-48  07/02/2001 152 — 403 8.11 92 <01

Middle 0-8 10/23/2001 1.700 — 7.2 61.1 9.11 2.65
Middle >8-24 10/23/2001 297 — 285 21.3 3.68 .28
Middle >24-48 10/23/2001 .215 — 28.7 151 2.59 .20

Bottom 0-8 10/30/2001 2672 — 119 135 13.2 7.41
Bottom >8-24 10/30/2001 A75 — 6.0 39.2 3.23 1.09
Bottom >24-48 10/30/2001 178 — 14.9 294 .99 A7

ITron, manganese, and zinc were extracted with Ammonium bicarbonate diethylenetriaminepentaacetic acid (AB-DTPA).



Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through October

2001.

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

Oxygen, i?::;i Specific  Temperature, Calcium, Magnesium, Potasium, Sodium, Bromide, Chloride, Flouride,
Date Time dissolved (standard conductance water dissolved dissolved dissolved dissolved dissolved dissolved dissolved
(mg/L) units) (uS/cm) (°C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
07/06/1999 1030 — 7.6 768 — — — — — — 84.0 —
08/03/1999 0845 — — — — — — — — — 96.0 —
08/03/1999 0915 8.9 8.4 741 20.1 — — — — — 95.0
09/09/1999 1045 — — — — — — — — — 91.0
09/09/1999 1130 — 9.1 701 25.6 — — — — — 94.0

12/09/1999
01/06/2000
01/06/2000
03/08/2000
03/08/2000

06/29/2000
07/31/2000
07/31/2000
08/07/2000
08/07/2000

0925
1145
1245
1330
1340

0925
0900
0915
0900
0910

8.0
8.6
8.7
7.8
8.0

8.6
10.1
10.2

9.0

9.0

631
633
707
718

690
652
653
711
714

70.4
68.0
69.0
52.0
77.0

86.0
94.0
95.0
99.0
98.0
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Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through
October 2001.—Continued

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

Silica, Sulfate, Solids, Ammonia, Ammonia, . . Nitrite, . Phos- Phos-
. . . . Nitrogen, Nitrate, . Nitrogen, phorus
. dissolved  dissolved Residue dissolved total . . dissolved phorus,
Date Time dissolved  dissolved total - ortho,
(mg/L as (mg/L at180°C (mg/L (mg/L (mg/L) (mg/L as N) (mg/L (mg/L) dissolved dissolved
Si0,) as S0,) (mg/L) as N) as N) asN) (mg/L) (mg/L as P)
07/06/1999 1030 — — — 1.03 0.66 18 15.0 0.67 19 — —
08/03/1999 0845 — — — 43 .58 16 13.8 .26 19 — —
08/03/1999 0915 — — — .80 .79 17 138 .26 17 — —
09/09/1999 1045 — — — .16 a7 10 9.40 31 12 — —
09/09/1999 1130 — — — .24 .18 10 9.30 .30 11 — —

12/09/1999

01/06/2000 1145 — — — .05 .08 10 9.90 21 12 — —
01/06/2000 1245 — — — .10 .08 11 9.30 21 12 — —
03/08/2000 1330 — — — 4.67 4.84 14 7.60 .16 15 — —
03/08/2000 1340 — — — 5.07 526 14 7.70 A9 15 — —

06/29/2000 0925 1.48 1.50 8.0 5.00 .35 8.7

07/31/2000 0900 — — — A5 .08 2.7 .870 21 4.7 — —
07/31/2000 0915 — — — A5 A2 2.7 .900 .23 4.5 — —
08/07/2000 0900 — — — 147 158 5.6 214 .68 9.6 — —
08/07/2000 0910 — — — 148 151 53 2.08 .71 9.3 — —
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Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through
October 2001.—Continued

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

Phos- Carbon, Carbon,

. . Antimony,  Arsenic, Barium, Boron, Cadmium, Chromium, Copper, Iron,
Date Time pltlotruls, dt!rgalluch ortgz:n:c, dissolved dissolved dissolved dissolved dissolved dissolved dissolved dissolved

mol)  (molase) (mglas) HOM @D el (el ) Ged) (o) ()
07/06/1999 1030 — — — — — — <200 — — —_ —_
08/03/1999 0845 — — — — — — 204 — — _ _
08/03/1999 0915 — — — — — — 211 — — — _
09/09/1999 1045 — — 12 — — — <200 — — — <20
09/09/1999 1130 — — 12 — — — <200 — — — <20

12/09/1999 0925 — — — — — — <200 — — _ _
01/06/2000 1145 — — 21 — — — <200 — — — 20
01/06/2000 1245 — — 23 — — — <200 — _ _ 40
03/08/2000 1330 — — — — — — <200 — _ — _
03/08/2000 1340 — — — — — — 200 — — _ _

06/29/2000 0925 — — — — — — <200 — _ _ _
07/3/2000 0900 — — — — — — 202 — — _ _
07/3/2000 0915 — — — — — — <200 — _ _ _
08/07/2000 0900 — — — — — — 223 — — _ _
08/07/2000 0910 — — — — — — 239 _ _ _ _
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Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through

October 2001.—Continued

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

::::i Lead, Lithium, Manganese, Mar:g::llese, Mercury, Nickel, Selenium,  Strontium, Zine,
Date Time recoverable dissolved dissolved dissolved recoverable dissolved dissolved dissolved dissolved dissolved

(ug/L) (ng/L) (pg/L) (na/L) (ug/L) (ng/L) (na/L) (pa/L) (ng/L) (na/L)
07/06/1999 1030 — — — — — — _ —_ — 5
08/03/1999 0845 — — — — — — — — — 11
08/03/1999 0915 — — — — — — — _ _ 11
09/09/1999 1045 50 — — <10.0 <10 — — — — <10
09/09/1999 1130 60 — — <10.0 <10 — — — — <10

12/09/1999
01/06/2000
01/06/2000
03/08/2000
03/08/2000

06/29/2000
07/31/2000
07/31/2000
08/07/2000
08/07/2000

0925
1145
1245
1330
1340

0925
0900
0915

0910

130
120

<10.0
<10.0
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Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through October

2001.—Continued

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

pH.

_ (.)xygen, field Specific  Temperature, c_alcium, Ma!gnesium, P?tasium, S_odium, B_romide, c_hloride, F_Iouride,
Date Time dissolved (standard conductance water dissolved dissolved dissolved dissolved dissolved dissolved dissolved
(mg/L) units) (uS/cm) (deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

10/03/2000 1045 8.8 10 573 205 — — — — — 94.0 —
10/03/2000 1100 9.0 9.9 577 20.1 — — — — — 92.0 —
10/31/2000 0945 — 9.6 719 — — — — — — 128 —
10/31/2000 1000 — 9.7 666 — — — — — — 113 —
06/14/2001 0815 — 7.6 700 — — — — — — 91.0 —

08/22/2001
08/22/2001
09/27/2001
09/27/2001
10/25/2001

0830
0835
0845
0850
0815

9.6
9.6
9.3
9.3
9.8

629
631
621
623
625

96.0
97.7
94.5
934
95.8
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Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through
October 2001.—Continued

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

Silica, Sulfate, Sol_i ds, Ammonia, Ammonia, . . Nitrite, . Phos- Phos-
. . Residue . Nitrogen, Nitrate, . Nitrogen, phorus
. dissolved  dissolved dissolved total . . dissolved phorus,
Date Time at 180 dissolved  dissolved total - ortho,
(mg/L as (mg/L (mg/L (mg/L (mg/L dissolved .
$i0,) as S0,) deg C as N) as N) (mg/L) (mg/L as N) as N) (mg/L) (mg/L) dissolved
2 4 (mg/L) (mg/L as P)
10/03/2000 1045 — — — 0.060 0.07 52 2.92 .95 6.4 — —
10/03/2000 1100 — — — .070 .07 5.0 293 .94 6.3 — —
10/31/2000 0945 — — — <.020 .02 8.1 5.99 <1.00 10 — —
10/31/2000 1000 — — — .070 a1 7.8 5.87 <.04 9.2 — —
06/14/2001 0815 — — — 5.90 6.02 3.6 315 .58 38 3.92 2.39

08/22/2001 48 . 35 . 5.8 .667 470
08/22/2001 0835 — — — 48 49 3.9 1.23 .67 4.8 124 .523
09/27/2001 0845 — — — .64 65 4.6 1.10 .67 6.7 .780 124
09/27/2001 0850 — — — .52 .52 4.1 1.23 75 6.1 789 .685
10/25/2001 0815 — — — 43 43 4.5 2.30 32 7.0 429 317
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Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through
October 2001.—Continued

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

Phos- Carbon, Carbon,

. . Antimony,  Arsenic, Barium, Boron, Cadmium, Chromium, Copper, Iron,
Date Time pltlotruls, d(!rga:uch ortgz:n:c, dissolved dissolved dissolved dissolved dissolved dissolved dissolved dissolved

mgl)  (mylasC) (mglasg) MO (1g/L) (1g/L) (ug/L) (ug/L) (ug/L) (1g/L) (ug/L)
10/03/2000 1045 — — — — — — 222 — — —_ —_
10/03/2000 1100 — — — — — — 214 — — — _
10/31/2000 0945 — — — — — — 243 — — _ _
10/31/2000 1000 — — — — — — 232 — — — —
06/14/2001 0815 4.09 — — — — — — — — _ —

08/22/2001 0830 1.44 — — — — — — — — — —
08/22/2001 0835 1.40 — — — — — — — — — —
09/27/2001 0845 1.69 — — — — — — — — — —
09/27/2001 0850 1.68 — — — — — — — — — —
10/25/2001 0815 1.29 — — — — — — — — — —
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Table 1-5. Results of chemical analyses of PAN samples collected at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, July 1999 through
October 2001.—Continued

[mg/L, milligrams per liter; uS/cm, microsiemen per centimeter at 25 degrees Celsius; °C, degrees Celsius; N, nitrogen; P, phosphorus; C, carbon; pg/L, micrograms per liter; —, no data; <, less than]

::::i Lead, Lithium, Manganese, Mar:g::llese, Mercury, Nickel, Selenium,  Strontium, Zine,
Date Time recoverable dissolved dissolved dissolved recoverable dissolved dissolved dissolved dissolved dissolved

(ug/L) (ng/L) (ng/L) (na/L) (ug/L) (ng/L) (na/L) (pa/L) (ng/L) (na/L)
10/03/2000 1045 — — — — — — _ — _ <10
10/03/2000 1100 — — — — — — — _ _ <10
10/31/2000 0945 — — — — — — — — — 14
10/31/2000 1000 — — — — — — — — — 11
06/14/2001 0815 — — — — — — — _ _ 56

08/22/2001 0830 — — — — — — — — _ <10
08/22/2001 0835 — — — — — — — — _ <10
09/27/2001 0845 — — — — — — — — _ <10
09/27/2001 0850 — — — — — — — — _ 158
10/252001 0815 — — — — — — — _ _ <10
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158 Effects of Spray-Irrigated Effluent on Water Quantity and Quality, and the Fate and Transport of Nitrogen

Table 1-6. Nitrogen-concentration data for plant samples collected immediately prior to, during, or immediately after cutting for
harvest at the New Garden Township spray-irrigation site, Chester County, Pennsylvania, May 1999 through September 2001.

Soil-sampling Nitrogen Soil-sampling Nitrogen
Date . Date .
area (in percentage mass) area (in percentage mass)

Upper 05/12/1999 258 Upper 07/10/2000 350
Upper 05/12/1999 2.88 Upper 07/10/2000 3.45
Middle 05/12/1999 2.39 Middle 07/10/2000 3.16
Middle 05/12/1999 294 Middle 07/10/2000 2.19
Lower 05/12/1999 2.62 Lower 07/10/2000 2.65
Lower 05/12/1999 2.86 Lower 07/10/2000 2.49
Bottom 05/12/1999 261 Control (1) 07/10/2000 2.58
Bottom 05/12/1999 2.65 Control (1) 07/10/2000 2.87
Control (2) 05/12/1999 2.65 Control (2) 07/10/2000 241
Contral (2) 05/12/1999 248 Control (2) 07/10/2000 2.18
Upper 07/15/1999 2.09 Upper 09/13/2000 251
Upper 07/15/1999 2.29 Upper 09/13/2000 2.29
Middle 07/15/1999 2.68 Middle 09/13/2000 231
Middle 07/15/1999 243 Middle 09/13/2000 2.56
Lower 07/15/1999 2.02 Lower 09/13/2000 1.28
Lower 07/15/1999 197 Lower 09/13/2000 2.16
Bottom 07/15/1999 192 Control (1) 09/13/2000 249
Bottom 07/15/1999 2.05 Control (1) 09/13/2000 231
Upper 08/30/1999 253 Control (2) 09/13/2000 2.34
Upper 08/30/1999 281 Control (2) 09/13/2000 2.48
Middle 08/30/1999 261 Upper 05/31/2001 1.39
Middle 08/30/1999 2.70 Upper 05/31/2001 122
Lower 08/30/1999 2.60 Middle 05/31/2001 1.62
Lower 08/30/1999 248 Middle 05/31/2001 1.02
Control (1) 08/30/1999 2.04 Lower 05/31/2001 1.39
Control (1) 08/30/1999 1.59 Lower 05/31/2001 132
Upper 10/29/1999 3.06 Bottom 05/31/2001 1.28
Upper 10/29/1999 291 Bottom 05/31/2001 1.27
Middle 10/29/1999 3.00 Control (1) 05/31/2001 154
Middle 10/29/1999 3.06 Control (1) 05/31/2001 1.56
Lower 10/29/1999 2.86 Control (2) 05/31/2001 1.22
Lower 10/29/1999 2.98 Control (2) 05/31/2001 1.01
Bottom 10/29/1999 251 Upper 07/23/2001 225
Bottom 10/29/1999 2.59 Upper 07/23/2001 2.50
Control (1) 10/29/1999 2.83 Lower 07/23/2001 2.40
Control (1) 10/29/1999 3.03 Lower 07/23/2001 1.98
Upper 05/15/2000 2.40 Control (1) 07/23/2001 2.25
Upper 05/15/2000 1.93 Control (1) 07/23/2001 2.40
Middle 05/15/2000 1.93 Control (2) 07/23/2001 1.68
Middle 05/15/2000 2.46 Control (2) 07/23/2001 2.28
Lower 05/15/2000 2.55 Upper 09/20/2001 2.62
Lower 05/15/2000 2.73 Upper 09/20/2001 2.30
Bottom 05/15/2000 214 Middle 09/20/2001 2.98
Bottom 05/15/2000 212 Middle 09/20/2001 2.06
Control (1) 05/15/2000 2.38 Lower 09/20/2001 1.70
Control (1) 05/15/2000 247 Lower 09/20/2001 252
Control (2) 05/15/2000 1.95 Bottom 09/20/2001 2.86
Control (2) 05/15/2000 212 Bottom 09/20/2001 3.10
Control (1) 09/20/2001 341

Control (1) 09/20/2001 3.74
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