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Conversion Factors

multiply b to obtain
inch-pound units 4 metric (SI) units
LENGTH
inch (in) 254 millimeter (mm)
foot () 0.3048 meter {m)
mile (mi) 1.609 kilometer (km)
AREA
square foot {ft2) 0.0929 ' square meter (m?)
acre (ac) 0.4047 hectare (he)
square mile (mi?) 2.5880 square kilometer (lan?
VOLUME
cubic inches (inY) 16.38 cubic centimeters (cm?)
cubic fect (&) 0.02832 cubic meters (m7)
gallons (gal) 3,785 liters (L)
gallons (gal) 3.785x103 cubic meters (m3)
MASS
pounds 0.454 kilograms
FLOW RATE
gallons/minute (gpm) 0.06309 liters/second (L/sec)
gallons/day(gpd) 3.785 liters/day (L/day)
cubic fect/second 0.02832 cubic meters/second
(fis) ' (m¥s)
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“But as the habitations were graduaily built up and the population increased, it was noticed that the water in the wells,
especially in the more populous portions, was rapidly losing its pristine purity, and was becoming hard, impotable and
injurious to health...” '

Municipal Report of the City of Charleston, South Carolina, 1881
as reported by Chapelle, 1997, p. 157.

“In general, aquifers will return small quantities of untreated sewage to clean, pristine water fairly quickly. As long as
the amount of sewage did not exceed the “assimilative capacity” of the underlying aquifer...”

Chapelle, 1997, p. 162 discussing the cotrelation between increasing
population (and privies) and the decline of water quality of wells in
Charleston, South Carolina during the 1800’s.



A Recharge-Based Nitrate-Dilution
Model for New Jersey

ABSTRACT

. Theeffluent from domestic on-site subsurface wastewater disposal systems can degrade ground-water quality.
Where these systems are too close together the cumulative impact may exceed the natural ability of the environment to
clean and dilute the effiuent, resulting in elevated concentrations of contaminants in ground water, One contaminant of
concern in effluent is nitrate. Nitrate is produced in the unsaturated zone beneath a disposal system by the microbial
transformanon of ammonia. The primary drinking water criterion for nitrate is 10 mg/L. Concentrations greater than
this can cause methemoglobinemia in infants and are a health threat to the elderly. Additionally, elevated nitrate
concentratlons are an indication of the possible presence of other contammants in ground water.

This report presents a methodology that enables the user to estimate the average area required pe; disposal
system to generate enough ground-water recharge to dilute that system’s effluent to acceptable levels. The recharge-
based mtrate~d1lutlon model described here is a synthesis of two independent methods: a mass-dilution mode] and the
New Jersey Geological Survey s (NJGS) ground-water-recharge method.

The mass-dilution model is modified from the Trela-Douglas nitrate dilution model. The Trela-Douglas
nitrate dllutmn model has been used in New Jesey for more than 20 years to estimate nitrate concentrations in ground
water ﬁ'om on-site subsurface wastewater disposal systems. As originally published, the model required data on household
occupathn rate, per capita water use, lot size per home, recharge rate, and the nitrate concentration in the effluent. This
method has been revised to require only the household occupation rate and the per capita nitrate loading rate. It also
accounts for reduction in recharge due to impervious cover on the undeveloped lot.

The NJGS’ ground-water-recharge method is a water-budget approach that estimates average annual ground-
water recharge based on land use, soil type and a municipality-based climate factor. Itis applicable only to New Jersey.

The two undetlying models are combined to produce a recharge-based nitrate-dilution model. This requires
an additional parameter, a nitrate target. The target is the concentration that nitrate in the ground-water should not
exceed aﬁcr dilution is taken into account. The model’s result is an estimate of required acres per system which will
provide cnough recharge to dilute the nitrate emitted by an on-site subsurface wastewater disposal system to meet the

specified water-quality target. This report provides a spreadsheet to perform the necessary calculanons The spreadsheet
is titled “NJ_NO3_DILUTION_V50.XLS".

The assumptions contained in the two underlying models apply to the resultant model. The primary assumptions
made by the ‘nitrate-dilution model are: (1) complete and uniform mixing of wastewater; (2) the only water available
to dilute the nitrate loading is recharge on the pervious areas of the lot; (3) molecular dispersion and diffusion are
insignificant; and (4) denitrification in the ground water is insignificant. The NJGS® ground-water-recharge methodology
assumes that an annual average water—budget approach, whereby all water which infiltrates below the root zone becomes
recharge, is appropriate,

The methodology is designed to be used as a planning tool. It cannot be used to accurately estimate nitrate
concentrations in a contaminant plume at specific distances downgradient of an individual wastewater disposal system.
It ‘can be used, however, to estimate regional concentrations of nitrate in ground water resulting from residential
developments with on-site wastewater disposal systems.



Reasonable nitrate-loading rates for New Jersey are based on 3 people per home and 10 pounds of nitrate per
person per year. The occupancy rate may be altered if development-or township-specific values are more reasonable.
The per capita nitrate loading rate should not be altered without significant research into appropriate loading rates.

Nitrate targets depend on specific program and regulatory requirements. In general, an antidegradation approach
as defined in New Jersey's ground-water-quality regulations (N.J.A.C. 7:9-6) is appropriate. This leads to a nitrate
target of about 5.2 mg/L in most areas of New Jersey. However, in areas of special ecological concem, lower targets
may be appropriate.

This method addresses just one factor in determining how dense of a development a specified area can sustain
without undesirable effects on the environment. Other factors, such as other non-point source contaminant loading,
infrastructure capacity, open-space requirements, and ecological impacts must be addressed in determining the actual
carrying capacity of a specific tract of land.

An earlier verston of this model estimated nitrate loadings based on per capita water use rates and concentration
of nitrate in the effluent. This approach required two parameters, each with a wide range of possible vatues. Using the
actual per capita nitrate loading reduces uncertainty. Additionally, earlier versions allowed the nitrate to be diluted by
the volume of wastewater, but allowed for additional sources of nitrate input. This current approach restricts dilution
to infiltration on pervious portions of the lot, but only accounts for nitrate loadings from the subsurface wastewater

disposal system.

Version 4 of the spreadsheet that implements this model contained an error that slightly overestimated the
land area required to generate enough recharge to dilute the nitrate to the specified target. Version 5 corrects this error.

This document, and accompanying spreadsheet, supercede earlier versions. The spreadsheet may be revised

if appropriate.

INTRODUCTION

The New Jersey Geological Survey (NIGS) has
provided estimates of water-resource-based carrying
capacity for more than 30 years. Early studies of the
geology and ground-water resources of rural and
developing areas used aquifer characteristics to develop
recommendations for appropriate residential lot sizes
where served by on-site subsurface wastewater disposal
systems (Widmer, 1965; Kasabach, 1966; Miller, 1974).
During the late 1970’s the NJGS employed the nitrate

dilution model of Trela and Douglas (1978) to provide
" the Pinelands Commission with recommendations for
appropriate residential lot sizes based on water-quality
criteria. The same principles were applied by Saunders
and others (1979) in evaluating the possible impact of a
proposed subdivision. At that time the primary drinking

water criterion of 10 milligrams per liter (mg/L) nitrate-
nitrogen (nitrate) and the surface-water-quality criterion
of 2 mg/L for state category 1 surface waters were applied
in setting water-quality goals for use in the model,
depending on the geographic area of concem. The Trela-
Douglas mode] has been applied in several locations
outside of the Pinelands to determine appropriate
residential densities based on water quality.

The New Jersey Department of Environmental
Protection, Division of Water Quality, has used a version
of the Trela-Douglas model in conjunction with the NJGS®
ground-water recharge model (Charles and others, 1993)
since 1995 to determine the effect of developments of 50
or more units with on-site subsurface wasterwater disposal



systcms on ground water quality (Fred Bowers, NJDEP,
2001 l‘oral communication). In this application, a nitrate
target\of 5.2 mg/L is used. The target was established by
applying the State’s antidegradation policy (N.J.A.C 7:9-
6).

The present recharge-based nitrate-dilution
model involves coupling a modification of the Treta-
Douglas model with NJGS’ ground-water recharge model
(Charles and others, 1993) to develop estimates of
appropriate residential lot sizes to meet state water-quality
goals for nitrate-nitrogen. The ground-water-recharge
compof'xlent of the model incorporates variations in land
use, soil type, and climate observed throughout the State.

The goal of this model is to provide a tool that can be
used, in'con_]uncnon with other appropriate tools, to help
determmc the sustainable residential carrying capacity of
land in New Jersey.
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Nitrate and Water Quality

Nitrate in ground water.

The present analysis focuses on nitrate
concentrations in ground water resulting from on-site
subsurface wastewater disposal systems. Other
constituents could also be addressed. However, nitrate
was chosen for several reasons: (1) it generally occurs
naturally only at low levels; (2) elevated levels are
generally an indicator of anthropogenic activities; (3) it
is fairly stable and mobile and thus a good tracer of water
quality exchanges, and; (4) there are human and ecological
concerns associated with excess levels of nitrate. Each
of these factors is discussed below,

In this report nitrate is referred to in units of
nitrate-nitrogen, in mg/L. (A concentration of 10 mg/L
nitrate-nitrogen is equivalent to 44 mg/L of the NOs ion
(Hem, 1985)). In general, all measurements in this report
are converted from actual ionic concentrations to
equivalent nitrate-nitrogen concentrations.

Nitrate is generated by biological oxidation of
organic and inorganic nitrogen. This process is known as
nitrification. The principle end product, nitrate, is a stable
and mobile anionic species under the most prevalent
ground-water conditions in the water-table aquifers of
New Jersey. Nitrite is also an intermediate product of
nitrification, but is less stable and commonly occurs in
much lower concentrations than nitrate. For planning
purposes, it is commonly assumed that by the time the
leachate reaches the water table the ammonia has been
entirely converted to nitrate and that nitrite concentrations
are insignificant.

This report is primarily concerned with nitrate
in ground water produced by on-site subsurface
wastewater disposal systems. A net nitrate-nitrogen
loading rate of 10 pounds per person per year is a
reasonable value (table 1). Nitrate accumulation in ground
water due to these systems has been recognized for many
years (Todd and McNulty, 1974). Nitrate is produced from
nitrification in the unsaturated zone beneath a septic
disposal bed. This organic and inorganic nitrogen is
converted to nitrite and nitrate as the wastewater effluent
migrates downward to the water table. Nearly complete

conversion from ammonia to nitrate and nitrite occurs in
unsaturated, well-aerated soil below septic fields (Walker
and others, 1973b).

The accumulation of inorganic nitrogen in
ground water in residential areas served by on-site
wastewater systems is well documented (Tinker, 1991,
Murphy, 1992, Hantzsche and Finnemore, 1992). Because
nitrate in its inorganic form is highly stable and mobile

- under normal ground-water canditions, it can migrate

readily. Thus, areas downgradient of a development
utilizing these systems commonly show elevated nitrate
levels in the ground water.

Nitrate concentrations in ground water in
undeveloped areas are typically low, averaging less than
1 mg/L (Stackelberg and others, 1997). Anthropogenic
sources, such as residential development and agriculture,
elevate nitrate concentrations. Concentrations of nitrate
in ground water in agriculutral areas can exceed the
primary drinking water standard of 10 mg/L. In developed
and developing areas, concentrations of nitrate are
typically in the range of 1 and 3 mg/. (MacLeod and
others, 1995).

The NJGS maintains a program to collect,
analyze, and report information on naturally occurring
water quality. Data from this program were compiled in
conjunction with water-quality studies by the U.S.
Geological Survey (USGS) to determine ambient
concentrations of nitrate-nitrogen or nitrate/nitrite in
ground water (table 2). This tabie groups studies by
physiographic province.

The data in table 2 include analyses from areas
of mixed land use and from agricultural areas. Nitrate
concentrations in samples from agricultural areas are
¢levated, as expected, showing the effects of land
application of fertilizers. If predominantly agricultural
area studies are eliminated, median nitrate concentrations
for non-agricultural areas range from 0.03 to 3.5 mg/L.

Other sources of nitrate.

There are other potential sources of nitrate in



ground water. These include nitrate in precipitation, lawn
fertilizers and decomposition of plant material and animal
wasté. Nitrate loading rates from these sources can vary
widei'y. Typically nitrate levels in ground water in
agricultural areas are higher than in residential areas (Hem,
1985). Elevated nitrate concentrations attributable to the
use of fertilizers can also be found in urban areas (U.S.
Geological Survey, 1999, Carleton and Vowinkle, 1996).

* Quantifying actual nitrate loading rates to the
ground water from land-applied sources is difficult and
beyond the scope of this project. One important mitigating
factor is that nitrogen from these sources must travel
downw’%m:l through the root zone in order to enter the
ground' water. Plant uptake may greatly decrease the
nitrate concentrations during this journey. This is in
contrast'to the nitrate in the effluent from a subsurface
disposal'system, which is injected into the ground below
the root:zone and is less subject to diminution by plant
uptake.

Stability of nitrate (denitrification).

Nitrate is generally stable in ground water and
most of the attenuation of nitrate levels in ground water
is the result of dilution by better-quality recharge water.
However, denitrification may occur in ground water where
the conditions are favorable. Denitrification is the
microbial conversion of nitrate and nitrite to dinitrogen
(N2) gas (Korom, 1992). This process can reduce the
concentration of nitrate in ground water but does not
commonly occur in most areas served by domestic on-
site subsurface wastewater disposal systems.

Denitrification requires four primary conditions:
(1) appropriate bacteria; (2) nitrogen oxides; {3) organic
carbon; and (4) anaerobic conditions (Desimone and
Barlow, 1996; Korom, 1992; Firestone, 1982). All
conditions are seldom combined in the proper proportions
in ground water. This is particularly true in recharge areas
where ground-water depths are commonly great, aerobic
conditions prevail, and carbon has been oxidized from
the aquifer.

Denitrification requires a suitable electron donor.
This is commonly organic carbon, but the aquifer matrix
may also serve as an electron donor. Generally, only a

small fraction of naturally occurring organic carbon in
soils or aquifer sediments is labile (Desimone and Barlow,
1996), because it has been subjected to acrobic ground
water for thousands of years. If the concentration of
nitrate-nitrogen in the ground water exceeds that of organic
carbon, the organic carbon fraction is insufficient to bring
about denitrification (Korom, 1992). Thurman (1985)
states that most ground water has organic carbon
concentrations of less than 2 mg/L.

Denitrification also requires anaerobic
conditions. Gillham and Cherry (1978) found that
denitrification doesn’t take place if the concentration of
dissolved oxygen exceeds 2.0 mg/L.

Denttrification in ground water may be carbon
or nitrate limited, or ofcygcn suppressed, depending on
concentrations of these constituents in ground water.
Walker and cthers (1973a) found- that denitrification
beneath septic disposal fields in unsaturated sandy soils
may be insignificant due to the lack of anaerobic
conditions and organic matter.

In a study of a nitrate plume on glacial sands in
Cape Cod, a denitrification rate equivalent to 1.5 mg/L as
nitrogen per 100 feet of horizontal flow was observed
{Desimone and Barlow, 1996). On a mass basis,
denitrification transformed about 2 percent of less of the
total mass of nitrogen in the plume of septic effluent per
100 feet of flow. Foster and others (1985}, in a study of

-the Lincolnshire Limestone in England, determined a

nitrate reduction rate of 10 mg/L over a horizontal flow
distance of 2 km after 100 days. These researchers
suspected that some of the organic carbon acting as an
electron donor in the denitrification process was probably
derived from the limestone aquifer matrix itself. They
determined also that if the concentration of nitrate in the
ground water exceeds that of organic carbon, the carbon
will be insufficient to bring about denitrification.

One factor often overlooked is the persistent,
cumulative effects of the build-up of nitrates during long-
term sewage disposal practice at a given site (Hantzsche
and Finnemore, 1992). This is the result of an imbalance
in the factors governing the process (for example, by a
depletion of organic carbon).



Because of the variability of controlling factors,
such as soil and aquifer geochemistry, the rate of in-place
denitrification is difficult to quantify. Korom (1992),ina

review of research of denitrification, conclhudes that, “our -

current capabilities to predict an aquifer’s denitrification
characteristics are site specific at best.™ Where it has been
documented, denitrification rates are commonly low or
occur only after great lengths of time or flow paths.

Human and ecological concerns with nitrate.

Nitrate in sufficient concentrations has

potentially adverse health effects when ingested by

vulnerable humans and has adverse effects on ecosystems.

Table 1, Nitrate loading rates

Infants who consume water with nitrate-nitrogen
concentrations greater than 10 mg/L may be afflicted with
methemoglobinemia (Hem, 1985; Johnson and others,
1987). In addition, elevated nitrate concentrations may
be an indicator of the presence of other contaminants in
ground water, such as pesticides.

Shallow ground water generally discharges to
nearby surface water. This is termed baseflow. The quality
of the baseflow can affect surface-water quality, especially
during low-flow times. If the baseflow has elevated nitrate
concentrations then it may encourage the growth of algae
in the surface water. This may affect aquatic species in
the streams (U.S. Geological Survey, 1999),

Data Source Reported Parameter Pounds/person/year
Laak, 1980 total nitrogen 104
Ligman and others, 1974 totat nitrogen ' 142
Metcalf & Eddy, Inc., 1991 tota} Kejdabl nitrogen 99
Sicgrist and others, 1976 total nitrogen 54
U.S. EPA, 1980 total Kejdah! nitrogen 9.13




Table 2. Minimum, median and maximum nitrate values reported in selected studies of ground water in New Jersey

Reglosal Setting Agquifer and Arcal Development Parameter Nomber Concentration (mg/L) Seurce
of Samples  Minimum  Median Maximum
di y bodrock citrate-itrop 35 0,1 i5 74 Serfes, 1994
Newark Basin sedimentary bedrock nimateHhitrte 14 11 .
stratified drif nitmaze itize 18 o3 Cramik & Kozinski, 1934
Precambrian crystafline bedrock nitrescHnitrite 19 Sertis, in press
e brian crysudline bedrock nitrate-nitrogen 45 <01 0.76 47
Highlands Precambrian crystalline bedmek nitrate-nittogen & <01 038 2
Kinstinny Linestone nitrate-nitrogen 30 <01 LN 7]
' {carbonate bedrock) Nicholson and others, 1996
srtified drify nitrate-nitrogen 7 <1 13 59
Martinsburg Formation nitrste-nitrogen % <0.05 016 53
{sedimentary bedrock) . .
Valley and Ridge Khutieny Limestooe nitrate-nitrogen % <005 039 56 Sexfix, n presms
(carbonste bedrock) '
New Jersey nitrate-pitrogen 663 0.04 0.5 % Kaatel, 1585
upper PRM aquifer nitrate-nitragen 37 03
middle PRM aquifer nitate-aitrogen 34 23 Barton and others, 1987
PRM aquifer (upper + tniddle) nitrate-gitrogen. Ti 1.7
PRM aquifer system nitTaieHnitrite 262 0 0,03 0.84 Fusillo & Voronin, 1981
PRM aquifer system, undeveloped areas nitrate-nitrogen ol .
PRM squifer systom, agricottom] arexs nitstepitogen 1 85 Vowinkel and Tepper, 1993
PRM aquifer sysoem nimate+itrite 5 o 06 158 Fusillo and others, 1984
upper PRM aquifer nitrate +nitrite 133 <0.l <0l 13
upper PRM squifir . Kjeldah! nitrogen 123 <0} 0.3 28 H
Jower PRM aquifer nitraseHriribe 106 <. <01 13 1 others, 1989
lower PRM aquifer Kjeldshi nitrog 106 <02 03 54
PRM aquifer system nigate+nitrise 116 <0.1 <.l ps) Ervin snd others, 1994
Kitkwood/Cohansey aquifer system, elrate-aitrogen <Qi
_ undeveloped sreas 9 1wl Vowinkle end Tepper, 1945
. ' Kirkwood/Cobansey aquifer system, nitrate-gitrogen 12
gricuttural areas
Kitkwood/Colwnsey aquifier system, nitrate-nitrogen 287 19
domestic wells
Kirkwood/Cohansey aquifer system, nitrate-mitrogen 13 34 MacLeod and others, 1995
agriculiural irmigation weils
Kirkwood/Cohansey aquifer sysiem, nitrete-aittogen 16 2.7%
commercial wells
Kirkwood/Cotunsey squifcs system . nitrate+nitrite 154 <0.1 0.08 10.5 Harrioan & Voromin, 1985
Kirkwood/Colansey squiler sysiem, atrate-gitogen o] 0.097 82 7
agricuttural aress
Coas Fiain Kirkwood/Colansey squifer system, nitrate-nitrogen 13 <o 03 1 Saxbo end others. 1957
N non-agriculutral areas
Kirkwood/Cobansey aquifer systzm, nivate-nizogen 13 07
undeveloped areas
KirkwoodCohansey aquifer sygtem, Ritrate-nitrogen 30 26
new rban areas Stackleberg and others. 1997
Kirkwood/Cobanyey squifer tystem, nitrate-gitrogen 14 15
ol urban sress
Kirkwood/Cobansey squifer systen, nitrate-nitrogen 13 136
agricultural srcas. !
Kirkwood/Cohansey aquifer system, niTate-rirogen 159 EX]
all wells tested
Kirkewood/Cohansey squifer sysem, nitrate-pitrogen &0
agricubtural meas
Bridgeton Fm Present
Kirkewood/Cotnsey aquiter sysiem, nitreee-gitrogen 21 Kozinski and othary. 1995
agricuitural srees
no Bridgeton Fm present
Kirkwood/Cobansey nquifer system, nitmte-nitrogen 028
0o agriculture within 500 ft.,
no Bridgeton Fm
Kirkwood/Cokansey aquifer system nitrate+niite 246 <01 0.08 105 Barringer & others, 1997
Kirkwood/Cohansey aquifiz system nitrate-gitrogen 5 a.13 0.36 35 Watt and Johmton, 1992
Kirkwood/Cohuntey aquifer system TR 19 032 025 5.75 Watt and others, 1994
Kirkwood/Cobsnsey aquifer system nitrete-nitrogen i0 0.01 0.0) 001 Lacombe & Rosman, 1995
Kirkowood/Cohansey aquifer system nitrte-nitogen 25 <.05 0.1 3 Johnson and Watt, 1996

- For a description of the equifers of New Jersey see Herman and others (1998). - Abbreviations: PRM - Potomac-Raritan-Magothy aquifer system, Fm - Formation
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Nitrate-Dilution Model

The basic nitrate-dilution model of Trela and
Douglas (1978) was developed to estimate the land area
necessary to dilute nitrate emanating from on-site
subsurface wastewater disposal systems to reach a
specified concentration in ground water. 1t was first
applied in New Jersey in the Pine Barrens of the Coastal
Plain.

Trela-Douglas Model Assumptions.

A series of assumptions are inherent in applying
the Trela-Douglas nitrate-dilution model. These
assumptions, and some of their implications, are:

Complete and uniform mixing of wastewater and
recharge takes place at the water table. The actual
behavior of ground-water flow and contaminant plumes
suggests that the wastewater plume moves in a
concentrated slug, with higher concentrations at the center.
However, on a regional basis this assumption is justified.

The only water available to dilute wastewater is
recharge. On an individual lot only that recharge which
falls directly on the lot dilutes the plume. This assumption
ignores mixing of the plume with upgradient water. Ona
regional basis, however, this assumption is reasonable
because one cannot guarantee the quality of upgradient
water.

Molecular dispersion and diffusion are not taken
into account. Dispersion and diffusion are more active at
the peripheries of the plume and may not affect the core
significantly, especially along short distances.

The entire residential lot area provides recharge
to dilute the effluent. No account is made for water
diverted by rooftops and paved areas to storm drains.

Denitrification is absent. Niirate concentrations
in ground water are lowered only by dilution, the addition
of more dilute recharge water.

There is a one-to-one correspondence between
homes and disposal systems. Each home has only one
disposal system and each disposal system serves only one
home.

Some of the above assumptions result in an
underestimate of nitrate concentrations from on-site
disposal systems whereas others result in an overestimate.
The model is not intended to accurately show the precise
conceniration of nitrates along ground-water flow paths,
but is a tool to estimate overall loading of inorganic
nitrogen to ground water from subsurface wastewater
disposal systems.

Modification of Trela-Douglas model. -

The nitrate-dilution model of Trela and Douglas
(1978) is a mass-balance model. It assumes the mass of
nitrate added to the ground water is the same as that which
leaves the lot in ground water at the downgradient side,
It was intended to estimate nitrate concentrations in ground
water downgradient of a home with an individual on-site
waste disposal system (typically a septic tank with a
leachate field) in the Pine Barrens on New Jersey.

The basic Trela-Douglas mass balance equation
assumes that the mass of nitrate leaving the lot is the result
only of nitrate added by the septic system. The mass is
calculated as the product of the effluent volume and
concentration of nitrate in the effluent. The volume of
water leaving the lot is the volume of water from the septic
system added to the volume of recharge.

In the present model, the basic Trela-Douglas
model approach is modified in three ways. (1) The nitrate
added to the site is expressed as a function of the number
of people per home and the per capita nitrate loading rate.
(2) Only water recharging on the site is assumed to dilute
the nitrate. (3) Only the permeable portion of the lot is
assummed to contribute recharge. This is expressed as:

L=L, 1)
where

L;= nitrate loading rate

Lo= nitrate leaving lot in ground water

The amount of nitrate added to the site is expressed as;

Li=HM ' (2)



where
H = number of people per home
M = per capita nitrate loading rate

» The second modification is to the amount of
nitrate leaving the site. This is expressed as:

" Lo=ApRualq (3)

where
+ Ap = amount of permeable land per home
R = recharge rate through pervious
- areas of site
" - Cq= concentration of nitrate in ground water at
.the downgradient end of the lot

The third medification to the basic Trela-Douglas
maodel injrolves the consideration of impervious cover. If
part of the lot is not permesble (such as rooftops or paved
areas) it may not contribute recharge. If all precipitation
falling on the impervious surface discharges off the lot
less recharge is available to dilute the nitrate in the effluent.

Table 3 relates an estimated impervious cover
to lot size (U.S. Department of Agriculture, 1986). Fitting
a power series to the data with the percentage impervious
COVEr as the dependent variable yields the following
equation:

L.=0.1795>" (4

where
A = lot size (acres per home)
L = impervious surface cover expressed
as a fraction

Equation 4 can be rearranged to express the lot
size as a function of impervious surface cover. In this
case the expression becomes:

A=0.04921."" (5)

In table 3 the third column shows the estimated
impervious surface cover based on equation 5 and on the
lot size in the ﬁrst column. Figure 1 shows the basic data
and a best fit line of impervious surface cover as a function
of lot size. Imbcrvious surfaces are proportionally larger

on small lots so the effects of aécounting for them are
more pronounced.

The amount of permeable land (A,) is the total
lot size multiplied by the percentage of pervious area.
Using equation 5, A, is defined as:

Ap=A(1-0.179A"™) (6)

Substituting equations 2, 3 and 6 into equation 1
yields a modified Trela-Douglas nitrate-dilution equation:

HM = A(1-0.179A" 7 )R s Cq %))

Equation (7) may be rewritten to solve for
recharge (Roux). The equation becomes:

Row=HM / (CoA(1-0.179A™y) (8)

Equation (8) has not had any units assigned. For
example, if the following units and values are used:

Variable Units

H persons per home

M pounds per person per year
Cq mg/L nitrate-nitrogen

A acres per home

Ronax inches per year

then the expression for R mu becomes:
Ress = 4.4186HM / (C.A(1-0.179A°™) (9)

where 4.4186 is a conversion factor. As an example, if
the following values are assumed

H =3 persons per home

M = 10 pounds per person per year
Cq=5.2mg/L

A =3 acres per home

then Roy, is equal to 9.4 inches per year. Thus, for these
assumed values, if a development of 3-acre lots receives
9.4 inches per year of recharge through the previous areas
of the site, then nitrate (from an on-site subsurface
wastewater disposal system) in ground water leaving the
development is diluted to 5.2 mg/L after complete mixing.



Receiving less recharge produces less dilution and results
in a greater nitrate concentration.

The values for housing occupancy rates (N.J.
Department of Labor, 2001) and nitrate loading rates {table
1} are assumed to be average values for New Jersey.
Different values yield different results. The accuracy of
the results are also dependent upon the validity of the
underlying assumptions,

Equation 9 allows calculation of recharge based
on other input parameters. The equation is in this form,
instead of being solved for lot size, in order to facilitate
plotting of the solution. These results are shown in figure
2 and in table 4. In table 4 the necessary recharge is shown
for a nitrate target of 5.2 mg/L..

Limiting Assumptions

The assumption that the entire lot contributes

recharge to dilute the effluent emanating from an on-site
subsurface wastewater disposal system is not exactly
accurate. The plume from an individual system is diluted
by recharge which falls upgradient or downgradient of
the tank. Thus the Trela-Douglas method cannot
accurately estimate nitrate concentrations downgradient
of an on-site subsurface wastewater disposal system on
any individual lot. On a larger scale, however, it can -
adequately estimate the effect of multiple disposal systems
on water quality downgradient of a housing development.

The model does not correct for nitrate dilution
by ground water flowing under the lot from the upgradient
direction. This is because the concentration of background
nitrate may vary. If the planned system depends on some
dilution from upgradient water, then any worsening of
upgradient ground water may cause the downgradient
nitrate target to be exceeded. In short, the only water that
can be relied on in estimating nitrate dilution is recharge
generated on the lot.

Table 3. Lot size and impervious cover relationship

Impervious Cover

Lot Size from TR-55"  Estimated from equation 7
(acres per home) (percent) (percent)
0.13 65% 59%
0.25 38% 39%
0.33 30% 34%
0.5 25% 2T%
1 20% 18%
2 12% 12%
3 ® 9.6%
4 (b 8.1%
5 (b) 7.1%
6 b) 6.4%
7 (b) 5.9%
8 (b) 5.5%
9 () 5.1%
10 (b) 4.8%

a) U.S. Department of Agriculture, 1986

b) Not given in TR-55
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T{able. 4. Lot size, impervious cover, and recharge required to meet nitrate target based on a modified Trela-Douglas
nitrate-dilution model!

Lot Size Impervious Cover? Recharge rate® (in/yr) required to

{acres) (percent) meet nitrate target of 5.2 mg/L.
20 3.2% 53
19 3.3% 5.4
18 3.4% 55
17 3.5% 55
16 ©3.7% 5.7
15 3.8% 58
14 40% 5.9
13 4.1% 6.1
12 4.3% : 6.3
11 : 4.6% 6.5
10 4.8% 6.7

9 5.1% 7.1
8 5.5% 7.5
7 5.9% ‘ " 80
6 6.4% 8.7
5 7.1% 9.8
4.5 7.6% 10.4
4 8.1% 113
3.5 8.8% 12.4
3 9.6% ‘ 13.9
2.5 © 10.6% 16.1
2 12.1%. 19.4
1.5 14.2% 25.1
1 17.9% 37.1
0.75 21.1% 50.0
0.5 26.6% 78.2
0.33 33.5% 127.0
0.25 39.5% 184.3
0.13 58.7% 532.1

1. Assuming 3 people per home, and 10 pounds per person per year nitrate loading rate.
2. From the r,';lationship between lot size and impervious cover developed for this report.
3. Recharge rates greater than 23 inches per year are unlikely in New Jersey.
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Figure 1. Relation between percentage of impervious land cover and housing density.

Points depict U.S. Department of Agriculture (1986) data.

Curve is best fit power series line for the data set.

Modified Nitrate Dilution Model
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Figure 2. Example of modified Trela-Douglas nitrate-dilution model.

Assumptions: 3 people per home, 10 pounds nitrate per person per year.
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: ‘Ground Water Recharge Model

Ground water recharge is defined here as that
water which infiltrates vertically downward from the land
surface to below the root zone. The water may then move
lateraﬁy to discharge in streams and lakes or downward
to enter an aquifer. This water is available to dilute the
effluent emerging from an on-site subsurface wastewater
dispoé'al system. it is important to note that aquifer
recharge is a portion of ground-water recharge. Estimates
of aquifer recharge may underestimate ground-water

recharge.

- Report GSR-32 of the New Jersey Geological
Survey, “A method for evaluating ground-water recharge
areas in New Jersey,” details one method for evaluating
this recharge for land parcels as small as 5 acres (Charles
and others 1993). This method is based on local site
factors, which are a function of the specific municipality,
soil, and land use/land cover (LULC). This method was
published in spreadsheet form by Hoffman (1999b). The
methodology as developed applies only to New Jersey.
The assumptions involved in this model are thoroughly
listed in Charles and others (1993}

This method has since been applied several
times: in Middlesex County (French, 1996), Cape May
County (Emnch and Silvestri, 1999) and the Upper Passaic
watershed (N.J. Dept. of Environmental Protection, 1998),
for example. The NJGS plans to apply this method to all
the counties in New Jersey.

When the methodology was first published a
basin calibration factor of 1.3 was recommended. This
factor calibrates ground-water recharge from an entire
basin to base flow measured at a downstream gage. The
NJGS currently recommends using a basin factor of 1.0
based on recent calibration of basin-wide recharge volume
from this mcthodology to revised stream baseflow
estimations' (Hoffinan, 1999a).

This method provides an estimate of the ground-
water recharge on a parcel of land. It also can be used to
estimate changes in recharge resulting from changes in
land use. Thus, for example, it can be used to determine

how recharge changes following development of a parcel
of land.
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This method is applied on a municipality and
soil-specific basis. For example, estimated ground-water
recharge at developed sites in Rockaway Township,
Morris County on Rockaway soil, is shown in table 5.
Figure 3 shows recharge plotted against impervious cover
for this area. This assumes that after development the _
pervious portions of a site have the recharge
characterisitics of landscaped open space.

Figure 3 shows that for a specific soi! type and
municipality, ground-water recharge through developed
sites of varying density is assumed to be a linear function
of the impervious surface cover. This can be expressed
as:

Ree:= Rox (1 - L ) (10)

where
Rt = average recharge on the site
{inches per year)
Rmex = maximum recharge assuming 0 percent
impervious surface cover on landscaped open
space (inches per year) .
I = impervious surface cover expressed
as a fraction

As shown in equation 4, the impervious surface )
cover can be expressed as a function of lot size.
Substituting equation 4 into equation 10 results in:

R = Ruume(1 - 01794 (11)
where A is the lot size in acres per unit. This equation
makes jt possible to calculate the recharge at developed
lots of different sizes. For the example of the Rockaway
soil in Rockaway Township, with a basin factor of 1.0,
the results are shown in figure 4. A similar curve can be

developed for any soil and municipality combination in
New Jersey.



Table 5. Developed land codes for Rockaway Township, Rockaway soil with estimated impervious cover and ground
water recharge.

Land Use/Land Cover Impervious cover Estimated recharge
Code Description (percent) (inches per year)

0 landscape open space 0 16.5

1 1/8 acre lots 65 ' 5.8

2 1/8 - 1/2 acre lots 33 11.1

3 1/2 - 1 acre lots 23 12.7

4 I -2 acre lots 17 13.7

5 developed, landscaped 85 2.5

6 developed, 100 0.0

mlﬁndscaped

a) Based on the method of Charles and others, 1993, assuming the basin factor = 1.0.
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Recharge-Based Nitrogen-Dilution Model

The goal of the recharge-based nitrate-dilution
model is to determine, for the specified values, the
minimum lot size that will provide sufficient ground-water
recharge to dilute the nitrate discharging from the on-site
subsurface wastewater disposal system to the target
concentration. This is done by merging the Trela-Douglas
nitrate-dilution model and the ground water recharge
model of the NJGS.

Model Development.

The Trela-Douglas nitrate-dilution method was
rewritten (equation 9) incorporating the relationship
between lot size and rechage to facilitate meeting the
specified water-quality goal. The relationship between
lot size and recharge needed is shown in figure 1 (as the
‘modified-for-impervious-surface-cover’ curve) and in
table 3.

The NJGS’ ground water recharge methodology
(as developed by Charles and others, 1993 and referred
to as “GSR-32"} was used {(equation 11) to estimate
recharge through the pervious areas of a developed lot.
This term is referred 10 a3 Rina:.

Merging these two models is equivalent to noting
where the recharge vs. land area curve from the modified
Trela-Douglas equation (figure 2) is equal to the
Ruax. This is shown in figure 5,

The equation combining these terms is
R = 4.4186HM / Co A(1-0.179A°7 }) (12)

where the variables are defined as follows:

Variable Explanation Units
H population density persons per home
M per capita nitrate loading rate pounds per person per year
Cq . target nitrate concentration mg/L nitrate-nitrogen '
A . area per disposal systern acres per home
Rizax maximum ground water recharge for specified inches per year

municipality & soil assuming 0% impervious
surface cover on landscaped open space

Equation 12 can be solved for A in different ways.
In the accompanying spreadsheet the equation is solved
by an iterative solution approach with limits set on the
solution to ensure a realistic result.

For the specific values used in this example
intersection occurs at 1.8 acres/lot. The combined
methodology estimates that smaller lots lack enough
recharge to dilute the nitrate to the target concentration.
Larger lots dilute the nitrate to a value lower than the
water-quality goal and thus provide some safety margin.

Parameter Selection.

The user can change 5 parameters in the model:
housing occupancy rates, per capita nitrate loading rate,

I6

nitrate target, township, and soil. Each is discussed below.
If the user plans to submit model results as part of an
application then parameter values should be selected after
a discussion of appropriate values with Department of
Environmental Protection staff at a preapplication
meeting.

The housing density rate of 3 people per home
is based on statewide estimates. Different occupancy rates
may be appropriate if site-specific data indicate otherwise.
Township averages or occupancy rates from nearby similar
developments may be appropriate in some cases.

A per capita nitrate loading rate of 10 pounds
per person per year is supported by the available data.
This number should not be changed by the user.



The user determines the nitrate water-quality
target that represents the desired outcome. The selection
of a water-quality target of the model should be a function
of relevam water-resource policies and standards. Because
the model incorporates several limiting assumptions, it is
adv1sable to incorporate a safety factor into the selection
of the Jivater—quality target. The selected target may vary
depcndmg on geographic location or predominant land
use in the modeled area. In the example above, a nitrate
target qlf 5.2 mg/L is used. This comes from an application
of New Jersey’s anti-degradation policy on water quality
in areas with surface water classified as FW2 (N.J.A.C.
7:9-6). This number, the “anti-degradation limit,” is based
on a background nitrate value of 0.4 mg/L and a primary
drinking water standard of 10 mg/L. This is the nitrate
target used by the DEP in the 1990’ to evaluate proposed
developments of 50 or more units (Bowers, 1999). Other
nitrate targets may differ if other regulatory approaches
or standa.rds are more appropriate to a specific area.

The local township and soil are used by the
ground-water recharge methodology to estimate ground-
water recharge. Soils are based on the National Resource
Conservation Service’s county soil maps. Ifa site contains
more than a single soil the methodology should be run
for each soil.

The NJGS ground-water-recharge methodology
calculation incorporates a “‘basin factor.” This is intended
as a calibration factor to compare ground-water recharge
on a basin-wide basis to base flow observed at an
appropriate downstream stream gage {Charles and others,
1993, Hoffman, 1999a). The basin factor is used *behind-
the-scenes’ in the spreadsheet. This number should not
be changed from a value of 1.0 unless a basin-wide
comparison of total ground-water recharge and stream
flow from a sufficiently-long data record can be used to
justify a basin factor other than 1.0. This calibration may
only be apphcable on a scale equivalent to the area
upstream of the gage used for comparison.

The methodology estimates recharge at the
developed site. It is interesting to note that recharge in
New Jersey ranges from 0 to about 23 inches per year.
Sandy soils in undeveloped areas in northern New Jersey
receive about 20 to 23 inches per year. Developed areas,
those with less permeable soil, and those in drier portions
of the state receive less recharge. These recharge values

are annual average values. In reality, this recharge is
highly season specific. There is typically little recharge
during the summer and early fall. Thus nitrate coming
out of the disposal system will not be diluted by recharge
on the lot during this time. Ground-water recharge
principally occurs from late fall through late spring. Thus
effluent will receive more dilution than is predicted during
these seasons. At a sufficient distance downgradient from
the lot these differences average out. But immediately
downgradient of a single lot there may be significant
seasonal variations in nitrate concentrations.

" How to Use the Spreadsheet.
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The file NJ_NO3_DILUTION_V50.XLS is an
EXCEL spreadsheet. When EXCEL starts to load the file
it will indicate that the spreadsheet wants to run macros.
The user must indicate that this is acceptable by clicking
the ‘ok’ button because the spreadsheet calculates the
minimum lot size by running a macro. Not allowing
macros to execute will prevent the spreadsheet from
performing as desired.

Additionally, the calculations require access to
a special solver routine. The program must have access
tothe file SOLVER.XLA. This is an add-in file to EXCEL
that must be activated by issuing the following commands:

1) On the *Tools’ menu pick the *‘Add-Ins’ option.

2.) Check off the box in front of *‘Solver Add-In’. (If this
is not an option, use the browse command to tocate the
file SOLVER.XLA and pick this file.) Then click the ‘OK"'
button,

The spreadsheet cannot perform the mathematics
necessary to calculate the area if this add-in is not
accessible. It is important that the version of
SOLVER.XLA used be compatible with the version of
EXCEL.

When the spreadsheet is opened for the first time
the screen should look like figure 6. The user inputs the
basic parameters needed by the Trela-Douglas and ground-
water-recharge methodologies via this screen. Soil type
and municipalities are specified by clicking on the cell,
activating a pull-down menu and picking the appropriate
value.



The - ‘metadata’ window has a more
comprehensive description of the methodology. This
window is not displayed initiatly. To see it the user must
turn off the spreadsheet’s protection and then display it.

The calculation window does not automaticaily
update the appropriate lot size as parameters are entered.
The user must click on the blue ‘Solve’ box to do this.
This runs an EXCEL macro which calculates the
appropriate area. The macro responds with a command
box titled ‘Solver Results’. If the solver finds an
acceptable solution the user should indicate in this
command to “Keep Solver Solution’ and then click the
‘OK’ button (figure 7).

The user can print out a page summarizing the
results on the computer’s default printer by clicking on
the blue *Print Results’ box.
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Figure 5. Recharge values estimated by the nitrate-dilution and recharge methodologies.
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SUMMARY

This report presents a recharpe-based nitrate-
dilution model based on water quality. Nitrate-nitrogen
is used as the indicator of water quality. The estimated
area, expressed in actes per system, indicates the minimum
amount of land required to dilute the nitrate in effluent
diséharging from an individual domestic on-site
subsurface wastewater dispoaal system to a specified
conceniration. The model is designed to estimate the
potential impact of development on nitrate concentrations
in ground water. It is not intended to be used to estimate
nitrate concentrations at specific locations downgradient
of an individual system.

The required area is generated using a
methodology that merges a modified Trela-Douglas
nitrate-dilution model and the New Jersey Geological
Survey’s ground-water-recharge model. The assumptions
used by these underlying models carry over to the nitrate-
dilution model.

Nitrate-nitrogen is selected for two reasons. The
potable water standard for nitrate-nitrogen is 10 mg/L;
higher concentrations may cause methemoglobinemia in
infants. Nitrate is stable in ground water and elevated

levels may be used as an indicator of human impact on -

the environment. In addition, nitrate is sometimes used
as an indicator of the possible presence of other
contaminants in ground water, such as pesticides.

The recharge-based nitrate-dilution model
requires specifying the occupancy rate, per capita nitrate
loading rate, municipality, soil type and target pitrate
concentration in ground water. An EXCEL spreadsheet
is provided to perform the necessary calculations.

If the input variables are 3 persons per home, 10
pounds of nitrate per person per year in the disposal
system’s effluent, and a nitrate criterion of 5.2 mg/L in
ground water, the model indicates that the minimum
required area is about 1.7 acres per home on the sandy
soils of northwestern New Jersey. On less permeable soils
and in drier parts of the state, more land is needed per
disposal system to dilute the nitrate in the effluent to the
target concentration. For example, with the same input
parameters, the estimated required area on sandy soils in
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Cape May {an area with less ground-water recharge) on
sandy soils is about 2.5 acres per home.

The model results are very sensitive to the
selected nitrate target. The target concentration should
depend on the goal of the user. If the goal is to maintain
ambient ground-water quality in undeveloped areas the
user might select a concentration of 1 to 3 mg/L nitrate,
For areas experiencing build-out, the ambient
concentration of nitrates in ground water is likely to be
close to 3 mg/L in mose cases; this may be an appropriate
target in these areas if no further degradation of ground
water quality is the goal. Use of 10 mg/L as the target
would appear to protect drinking water quality, but would
provide no safety factors to account for the inability of
the model to simulate the actual behavior of wastewater
plumes in ground water. The target concentration should
be based on specific water quality goals of the user and
on state regulations and policies designed to protect water
quality.



GLOSSARY

Acerobic - Requiring, or capable of living in, the presence
* of oxygen.

Ambient - Generally the conditions uninfluenced by
human activities. May also refer to conditions
before being influenced by the activity under
study.

Ammonia - As vsed in this report, the aqueous ionic
.compound of nitrogen and hydrogen expressed
.85 NHa . Also refers to the gas NHs.

Ammonium-nitrogen - A measure of the concentration
of nitrogen found in ammonia.

Anaerobic - Requiring, or capable of living in, the
absence of oxygen.

Anionic - A compound with a negative ionic charge.

* Aquifer - A formation, group of formations, part of a
formation, or interconnected fractured bedrock,
capable of supplying useful quantities of water
to.wells and springs.

Carrying Capacity - A measure of how much activity a
particular resource can withstand before it is
affected beyond a set amount,

Cationic - A compound with a positive ionic charge.

Contaminant Plume - That portion of a resource
downgradient of a contamination source which
has become contaminated,

Criteria, Water Quality - The designated levels of
concentration of contituents that, when not
exceeded, will not prohibit or significantly impair
a designated use of water,

Denitrification - The process by which nitrite and nitrate
are converted into nitrogen gas.

Dispersion - The process whereby a solute in flowing
ground water is mixed with adjacent water and
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thereby becomes reduced in concentration.

Diffusion - The process by which solutes in water move
from areas of higher concentration to areas of
lower concentration,

Dinitrogen Gas - N: - The most common form in
which nitrogen is found in nature. Most of the
earth’s atmosphere consists of Na.

Dissolved Oxygen - The amount of oxygen dissolved in
water, by weight.

Downgradient - The area ‘downhill’ of a specific site.
In a ground-water sense, this is the area to which
the ground water is flowing.

Electron Donor - A chemical which, during an oxidation
reaction, gives up an electron.

Electron Receptor - A chemical which, during an
oxidation reaction, receives an electron.
h}

Gradient - The degree of inclination of a surface.

Impervious Cover - Part of the land surface which does

not allow recharge. For example, rooftops and
paved areas.

Inorganic - A chemical or process which does not involve
carbon.

Kjeldahl Nitrogen - A measure of both the ammonia
and the organic forms of nitrogen.

Labile - Chemically reactive or unstable mechanically.

Leachate - Liquid produced during the decomposition
of matter.

Leachate Field - A system of horizontal pipes which
distributes the leachate discharging from an on
site subsurface wastewater disposal system over
& wider area to facilitate treatment.



Median - The value in a set of numbers such that half of
the numbers are greater and half lower. For
example, in the set of numbers 1,2,2,3,4,78,100
the median value is 3.

Nitrogen (organic) - Nitrogen in compounds that also
contain carbon. These are from organic surfaces.
Amino acids, polypeptides, proteins and
albuminoid nitrogen contribute to the organic
nitrogen content of water. A rise in the organic
nitrogen content may indicate sewage or
industrial waste pollution.

Nitrate - NOs - The most highly oxidized form of

nitrogen in the nitrogen cycle. It is generally

nonreactive and moves readily in water.

Nitrite - NO: - This form of nitrogen is generally
unstable in aerobic environments. In most
ground and surface waters it is a negligible
constituent.

Nitrification - Generally, the process by which nitrogen
is converted by soil bacteria into nitrite and
nitrate.

Organic - A chemical or reaction which involves carbon.

Onxidization - A chemical reaction in which an element
loses an electron.

Onidized - A chemical which has gone through an
oxidation reaction and lost an electron.

Physlographic Province - An area with distinct and
characteristic landforms.

PRM - The Potomac-Raritan-Magothy formation. It is
a major aquifer in southern New Jersey.

Recharge - The process of addition of water to the
saturated zone; also the water added.

Reduction - A chemical reaction in which an element
gains an electron.

Septic Tank - An underground tank designed to hold
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household sewage waste and its decomposition
products. It commonly is connected to a series
of pipes (‘leachate field") to allow liquid to exit
the tank to the ground.

Slug - A measurable pocket of contaminated water
moving with the water fiow.

Standard - The concentration which may not be
exceeded by a specific activity based on state
regulations.

Upgradient - The area hydraulically “uphill’ of a specific
site. In a ground-water sense, this is the area
from which the ground water is flowing.

Water Table - The upper surface of a zone of saturation
except where that surface is formed by a
confining unit. The upper surface of the zone of
saturation at which the water pressure in the
porous medium equals atmospheric pressure.
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