ESTIMATING GROUND-WATER QUALITY IMPACTS
FROM ON-SITE SEWAGE TREATMENT SYSTEMS

B.J. Bauman W.M. Schafer

The primary obJective of on—site wastewater treatment systems is to
provide acceptable treatment and disposal of domestic wastewater with
minimal impact upon the quality of local water resources. The properties
of the soil resource play a vital role in determining what these potential
impacts may be, but it 1s {mportant to also consider the properties of the
ground-water system, which serves as the ultimate medium of disposal for
the treated effluent, and its relation to local surface water bodies
{(atreams and lakes). It 1is the integrated properties of these three
components (soills, ground water, and surface water) which determine the
potential of the natural system to assimilate man-made wastes while
minimizing threats to public health and environmental quality. There are
two principle issues of concern: the ability of the sofil to accept and
treat septic tank effluent; and the impact of the treated effluent upon the
local surface and ground-water resgources.

Historically, the determination of land sultability for septic systems
has been a site gpecific process, with emphasis on the evaluation of soil
properties for acceptance and treatment of the effluent produced from an
individual septic system (Anderson et al., 1982), and little couslideration
glven to the possible {impacts on water quality from a single system or many
systems. This 1in spite of the fact that a major problem of ground-water
contamination from septic systems was documented 25 years ago, and many
more have come to light in recent years (Fabryka, 1978). A recent study
(Pye et al., 198]) stated that septic systems are both the wmost frequently
reported source of ground-water contamination in the United States, and the
single largest source (by volume) of wastewater discharged to ground water.

Even with recent increased concern for threats to the ground-water
regource, it appears that in general, little distinction has been made
between the isolated impact of individual septic systems, and the cumula-
tive, long-term impact of hundreds or thousands of systems upon local or
regional ground-water quality. This problem neceds to be addressed in order
to effectively manage and protect the quality of the ground-water resource.
It 1is proposed that there is a tolerable "loading rate” of nitrates to an
aquifer, which, if not exceeded, will prevent ground-water nitrate
concentrations from reaching unacceptable levels.

Ground-water pollution from septic systems may develop in an insidious
manner. The first 10, 100, or even 1000 septic systems in an area may not
create any apparent degradation in water quality, as the ground-water
system may have sufficient dilution capacity to mitigate the impact of the
added nitrate loading. If another 1000 systems are added, some contamina-
tion wmay become noticeable, but still remain within acceptable 1limits.
However, the addition of another 1000 septic systems might overload the
system, exceeding its capacity to adequately dilute the incoming nitrates,
regulting in an intolerable level of pollution. Again, the contribution of
any one septic system is relatively innocuous, yet thelr cumulative impact
may be substantial.
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There appears to be insufficleat recognition that aquifers have a
limited capacity to acceptably dilute a continuously increasing amount of
wastewater nitrate. Perhaps this is because regulatory agencies either do
not have the technical expertise to evaluate such potential problems,
and/or are not used to making policies in terms of long-range impacts that
are difficult to quantify. It is difficult to prove that such contamination
may occur, and in many areas continued land development has resulted in
increases in the density of and contaminant loading from septic systems.
Given these concerns, the intent of this discussion 1is to: 1) exawlne the
possible ground-water quality impacts of naitrate loading from septic
systems, and the factors influencing such impacts; 2) propose the addition
of aquifer agssessment criteria to the site evaluation process.

MODEL DEVELOPMENT

There are a number of complex numerical wmodels which have been
developed to predict pollutant flow within and iImpact wupon aquifers
(Perkins, 1984}, but in general they demand a high level of mathematical
competence, computer access, and often require a more detailed knowledge of
aquifer characteristics than is avallable (e.g. values for coefficient of
storage, dispersivity). Given the complexity and diversity of the major
components that influence such models (e.g. soils, geology, climate), it
would seem unlikely that detalled models developed in a single area can be
applied successfully to other areas. Further, local governing bodies,
public health officials, sanitarians, planners, (the people who must make
the decisions), typically do not have the resources that would allow them
to use such models. They could benefit from a simplified model that would
illustrate the mechanics of the natural system of interest, and help them
estimate the potential impacts of septic systems on ground-water quality.

With these considerations, the model presented here makes it possible
to: 1) obtain a first approximation of the potentfal impacts of septic
system nitrates on ground-water quality; 2) evaluate which physical
properties most greatly influence the capacity of an aquifer to adequately
dilute septic system nitrates; 3) gain useful information for comparing
the relative susceptiblity of various aquifers to nitrate contamination
from septic systems. The goal of this model is not to accurately predict
ground-water nitrate levels. Rather, through use of the model, local
regulatory personnel can develop a better understanding of the physical and
chemical processes that determine the ground-water quality impacts of
suburban and rural use of septic systems.

The model employs both the approach of Mercado (1976), whose analysis
of ground-water pollution 1in Israel reduced a geographically broad and
complex system into a single cell, as well as the mass balance and the
steady state concepts of Fried et al. (1976), as applied to the influence
of the agricultural nitrogen budget on ground-water quality. Other
simplifying assumptions are used to facilitate development of a model that
can be wutilized in the decision—making process. The initial step is to
define a geographical area or unit of interest, 4i.e. determine the
boundaries of the unit system. Then two mass balance equations must be
developed, one for the water budget of this system, and one for the
nitrogen budget. By determining the amount of nitrate entering the system
(all nitrogen inputs are assumed to be in the form of nitrates), and the
volume of water that is discharged at the system boundary, an estimate can
be made of the average nitrate concentration of the ground water as it
leaves the system. Use of the model is restricted to isotropic and
homogeneous water table aquifers composed of unconsolidated sediments.

Water and Nitrogen Budgets

The model considers three main sources of water and nitrate to a
ground-water system (Figure 1) which has reached a steady state conditicn
with regards to these inputs (Fried et al., 1976). At the upgradient
boundary, ground water (Wg) enters the system containing some level of
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nitrate-nitrogen (N_ ). Both natural precipitation (hereafter referred to
as natural recharge, W,), and septic system effluent (W,) percolate through
the soil to the ground-water system, each coantributing some nitrogen to the
aquifer (N, and N, respectively). Complete mixing within a prescribed
depth increment oE the aquifer is assumed. No other finputs of water or
nitrogen are considered. Impacts of such potential additional inputs from
agricultural fertilizer, feedlots, etc. are not considered, as a large
subdivision setting is assumed, and an intent of the analysis 1s to examine
the ground-water pollution potential from septic systems alone. It 1is
further assumed that the only output from the system is through the down—
gradient boundary (i.e. there is no consumptive use of rthe water removed by
domestic wells penetrating the aquifer—it is all returned via aseptic
syetems, and there are no other wella removing water from the system). With
these preconditions, and evaluating the system over a time period of one
year, values needed for mass balance considerations are simply calculated.

The ground—water volume entering the system at its upgradient
booundary can be calculated using Darcy's law:

Q = W, = Kb(dh/dl)w Eq. 1

where Q = volume of flow (m3/yr), K = the hydraulic conductivity of the
aquifer (m/yr), b = aquifer thickness (m), dh/dl = the hydraulic gradient

(slope of the water table), and w = aquifer width {(m). K can be eatimated

through knowledge of the particle size distribution of the geologic

material comprising the aquifer or through field measurement techniques

(Freeze and Cherry, 1978). Likewise, the hydraulic gradiemt can be

established by fleld measurement of the plezometric surface at several

locations, or can be estimated. The width (w) of the aquifer is defined by

the areal extent of the system of interest (Figure 1).

Aquifer thickness can be set without knowledge of the actual depth of
the aquifer using the rationale that limited mixing of influent nitrates
occurs within the aquifer. This tendency for influent nitrate to remain
stratified in the upper portions of the aquifers has been noted by both
Hill (1982), and Spruill (1983). With this assumption, the depth of such
mixing can be estimated to obtain a value for b, now defined as depth of
mixing. If the actual aquifer thickness were used, greater dilution of
nitrate would erroneously be calculated, as much of the aquifer may remain
relatively isolated from the influent nitrate. For this model, b will take
on the values 5, 10 and 20 m to evaluate the impact of different degrees of
aixing. Complete mixing will be assumed within this prescribed thickness.
Nitrate-N concentrations for ground water entering the system can be
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Figure 1. Schematic representation of model inputs.
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obtained from existing data, or estimated. Precipitation contributing to
recharge of the water table can be estimated using the method of Dunne and
Leopold (1978, p. 253). Several values are used in this analysis (Table 1)
representing typical values for differing climates, arid to humid. Nitrate—
N concentration of this recharge water must be estimated (this model
assumes 3 mg/L). The volume of effluent passing to the water table can be
calculated by assuming a water use of 170 1/day/capita, and 3 people per
family (from 1980 U.S. Bureau of Census figures for occupancy of rural
hgusing units) for an average yearly water use of 186,510 L per family (186
m”). The nitrate-N content of this effluent is taken as 62 + 21 mg/L, the
average value of 20 published studies representing more than 500 samples
(Bauman, 1985). It is assumed that there are no losses of nitrogen after ft
leaves the septic tank, and that upon exiting the drainfield trench all
nitrogen is converted to nitrate-N.

SENSITIVITY ANALYSIS

Sensitivity analysis can be used to examine the relative importance of
the wvariables in the model. It is performed by selecting a parameter and
varying its input value while keeping others constant. Parameters that
produce large changes in the results can be considered gensitive, and are
of greater interest than those of low sensitivity. Estimates of hydraulic
conductivity and hydraulic gradient (Table 1) represent a range of values
commonly encountered in aquifers serving as sources of domestic water
supply. Values for other variables are also found in Table 1.

Table 1. Parameters and values used in the sensitivity analysis.

Wg: Ground water entering upgradient boundary
Hydraulic conductivity (K) — 3154 & 315.4 m/yr
Hydraulic gradient (dh/dl) ~= 0.0l & 0.001
Aquifer mixing thickness (b) - 5, 10, and 20 m
Aquifer width (w) == 402 m (one side of a square
16 ha (40 acre) parcel)

NB: Background nitrate~N in ground water — 1, 3, 5, 7 mg/L
W.: Natural recharge — 0, 10, 20, 30, 40 cm/yr

N.: nitrate=N in recharge — 3 mg/L

W,: Septic system effluent — 186,510 1/family/year

Ny: nitrate-N in effluent — 60, 50, 40, 30 mg/L

Housing density — lot sizes of 5, 4, 3, 2, 1, 0.5 acre

Sample Calculation {(for a 40 acre development, 402 o X 402 m)

Water Budget
1) Ground water entering (Wg): K=3154 m/yr; dh/d1=0.01; we402 m; b=10 m;

(3154 m/yr)(0.01)(402 w)(10 m)(1000 1/m3) = 126 X 105 m3

2) Natural recharge (“r)‘ asgume 0.10 m/yr (2 inches)
(402 m)(402 m)(0.10 m)(1000 1/m3) = 16.2 X 10> a3

3) Septic system effluent recharge (W,}: (assuming one family per acre):
40(186,510 1) = 7.46 X 10° n’

TOTAL WATER INPUT (Wt): Wg L

(126 x 107 1) + (16.2 X 10° m2) + (7.46 X 103 u3) = 149.7 x 10% ad/year.

Nitrogen Budget
1) Ground water (Ng): (background concentraton of 1 mg/L nitrate-N):

(126 x 10% 1) X (1 =mg/L) = 126 X 107 g
2) Natural recharge (N.). (agssume 3 mg/L mitrate=N in recharge water):
(16.2 x 10% 1) X (3 mg/L) = 48.6 X 103 g
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3) Septic system effluent (Ne): (one family/acre, 60 mg/L nitrate~N):
(7.46 x 10 1) X (60 mg/L) = 447.6 X 103 g

TOTAL NITROGEN INPUT (Nt): Ng + N, + Na

(126 X 10% g) + (48.6 X 103 g) + (447.6 X 103 g) = 622.2 g nitrate—N
NITRATE-N IN GROUND WATER EXITING SYSTEM:

N 622.2 % 107 g
- 3 3 " 4.15 g/n3 {4.15 mg/L) nitrate-N
149.7 X 10° m

RESULTS

Figures 2-6 lllustrate the relationship between predicted ground-water
nitrate=N and housing density for various combinations of the above
factors. Unless otherwise noted, the mixing thickness used i1s 10 um,
recharge 1s 5 cm/yr, K = 3154 m/yr, and dh/dl = 0.0l). The nitrate-N
concentration of concern i1s 10 mg/L, the maximum allowable for drinking
water (National Academy of Sciences, 1978). In each of these figures the
model predicts that at higher housing densities (approaching 1 and 2
acres/lot) this standard 1s likely to be exceeded.

Figure 2 displays the influence of different levels of hydraulic
conductivity and gradient on resultant ground-water nitrate-N concentra-
tion. Higher conductivities and gradients result in higher ground-water
velocities, providing a greater diluting capacity (lower nitrate-N
concentation) for the system. This effect was noted in a field study by
Piet et al. (1975) where septic system densities of up to 0.25 acres/lot
caused no significant elevation of ground-water nitrates. Lower gradient
and conductivity ground-water systems have little dilution capacity, and
may be considered more susceptible to appreciable contamination.

Figure 3 shows the influence of mixing depth on dilution of effluent
nitrates for systems with high and low ground-water velocities. In the low
velocity system, mixing depth has little impact on nitrate—N concentration.
A more pronounced dilution effect is seen for the high velocity system at
higher housing densities, but even with small lot sizes (0.5 acre),
increasing mixing depth from 5 to 20 m only decreases nitrate-N from 11 to
4 mg/L. Another parameter that has little impact in this analysis is the
background nitrate-N conceatration of incoming ground water (Figure 4&).
The wupper curves representing a low velocity system are so close together
they appear as one, indicating that the contribution of nitrogen from
incoming ground water plays a relatively minor role in the nitrate loading
of the system, The effect is more pronounced for the higher velocity
system, however, most values still remain below the 10 mg/L standard.
Geographical areas with higher precipitation and infiltration will be
better able to dilute septic system nitrogen (Figure 5). In this model,
this effect 1s especlally noticeable when natural recharge is less than 20
co/yr. Thus arid and semi-arid parts of the country may be at greater risk
from such contamination.

The effect of lower effluent~N concentrations and/or denftrification
are shown in Figure 6. The previous examples have all assumed that 60 mg/L
total nitrogen is exiting the drainfield, is all converted to nitrate, all
passes to the water table, and out the system's boundary. If 50% denitrifi-
cation of the nitrate contributed by the effluent is assumed {equivalent to
a decrease in effluent nitrate-N to 30 mg/L), 1t is seen that for the low
velocity system, at a density of 1 home/acre, ground-water nitrate-N
decreases from 28 mg/L to 15 mg/L. The high velocity system shows little
impact from such a reduction In effluent nitrogen, the result of its high
dilution capacity. As shown in Figure 6, if the amount of septic system
nitrogen reaching the water table is reduced (for example by denitrifica-
tion in the wunsaturated zone), nitrate-N content of ground water will
decrease, especially in low velocity systems. Denitrification can also
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occur after effluent N reaches the water table (Reneau, 1977). Factors
influencing the potential for denitrification include:

1) Presence of restrictive layers between the water table and septic
system. Such layers will provide local zounes of saturation where anaercbie
conditions may develop, promoting denltrification.

2) Temperature. Higher temperatures mean increased metabolic activity
for bacteria, Increasing the rate of denitrification.

3) Residence time of effluent as it travels to the water table, and
as it then travels to the system boundary. Longer residence times provide
a greater opportunity (i.e. wmore time) for denitrification processes to
occur. While Figure 2 suggeats systems with low ground-water velocities
have higher nitrate concentrations, longer residence times will be longer,
increasing the time during which denitrification may occur.

4) Dissolved organic carbon (DOC) content of ground water. Higher
concentrations stimulate bacterial activity, increasing the potential for
both anaerobic conditions and deanitrification. In wost aquifers, DOC can
be considered the limiting factor for denitrificatiom, as approximately 1.3
g of carbon are required to convert 1 g of nitrate-nitrogen to nitrogen gas
(Lance, 1972). While effluent contains a l:1 C:N ratio, most of the carbon
{s utilized by heterotrophic bacteria under aerobic conditions, leaving
insufficient carbon for denitrification when the effluent reaches an
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anaerobic enviromment. Champ et al. (1979) reported a medlan DOC content of
0.7 mg/L in a survey of American ground waters. This value would suggest
denitrification potential is limited in most aquifers. However, it would
seem that shallow aquifers should have higher DOC levels, as organic carbon
igs leached from organic matter in surface soils. Also, because of the
short travel time to the water table, perhaps less of the DOC in effluent
i{s removed. Further, at least during part of the year, water temperature
will be higher. This suggests that placing septic systems in areas with
shallow water tables may be desirable, if sulitable protection from
contamination by pathogenic micro—organisms is insured. These factors could
contribute to considerable denitrification, as found by Reneau {1977).

This sensitivity analysis suggests that the following variables are
most responsible for large changes in predicted ground-water nitrate-
nitrogen: hydraulic conductivity and gradient, natural recharge, housing
unit density, and concentration of effluent nitrate-nitrogen reaching the
water table. The first three parameters determine the recharge characteris-
tice of the aquifer, and the second two influence the nitrogen budget
{(loading rate) of a given sygtem. ;he hydraulic conductivity of geologic
materials can range from 10° to 10’ cm/sec, and hydraulic gradient from
10"} to 10™%. sSuch order of magnitude changes imply that different ground—
water systems may vary greatly in their ability to dilute incoming
pollutants. Ground-water systems with high conductivities and gradients
(high velocities) can tolerate larger loading rates of nitrogen, {.e. will
have a greater diluting capacity. Density of septic systems, amouat of
natural recharge, and amount of effluent-N reaching the water table can be
important parameters, especially in systems with low velocities.

A model similar to this one was applied to a field study in Illinois
(Wehrmann, 1983) and provided reagonably close estimates of observed
ground-water nitrate values. However, given the simplifying assumptions of
the model, and its lack of testing, care should be exercised in its
application. Rather than serving as a predictor of ground-water nitrate
concentrations, 1t can be used as an informative tool for evaluating the
relative contribution of various inputs to a "real world” system, and to
compare the relative potential for contamination of different sites. Sites
with low, medium, and high predicted nitrogen values could be grouped as
having low to high susceptibility for significant ground-water pollution.
Such information would indicate those aguifers more sensitive to
contamination and deserving of more careful study.

OTHER CONSIDERATIONS FOR AQUIFER ASSESSMENT

Present assessment of the ground-water system during the site evalua—
tion process is generally limited to determining depth to the water table.
The information presented in the preceeding discussion suggests that if
protection of ground-water quality 1is to be genulinely addressed, it is
important to consider the aquifer characteristics discussed in the model.
Other variables, whose quantification is difficult, and that were not
evaluated in the model, may also play important roles in the net impact of
septic system effluent on ground-water quality. These variables are
included 1in Table 2. Internal factors define the ability of the ground-
water system to dilute the incoming contaminants to acceptable levels.
External factors determine the relative significance of the resultant level
of contamination to both public health and environmental quality.

Table 2 suggests that evaluation of potential ground-water impacts
should include wmore than physical measurements or estimates of aquifer

characteristics. In particular, it may be appropriate to appraise the
relative importance of the receiving aquifer. To illustrate this point,

two hypothetical cases will be considered. The first 1s a proposed high-
density development (1 acre lots) that is underlain by a shallow (2 m
deep), perched aquifer that has a saturated thickness of only 3 m, and
wvhich diacharges to a local stream or wetlands area several kilometers
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Table 2. Factors to consider when evaluating the impact of septic systems
on_ground-water quality.

INTERNAL FACTORS

Depth to the water table

Hydraulic conductivity of the aquifer

Ground=-water gradient and direction of flow

Aquifer thickness and effective mixing thickness

Background nitrate—nitrogen concentration of ground water

Aquifer geology (e.g. unconsolidated sands, fractured bedrock, etc.)
Potential for denitrification

EXTERNAL FACTORS

Density of septic systems

Present and potential use of aquifer

Impact on down-gradient users

Leakage to (i.e. contamination of) other aquifers

Nutrient status of surface waters in discharge areas

Future land use

Number of pumping wells in the aquifer and volume of water pumped
Length of flow path to surface discharge area or downgradient users

away. It is unlikely that such an aquifer would ever serve as a drinking
water source. Because the wetlands represent a preferred sink for the
nutrients in the discharging ground water, a greater degree of degradation
of this shallow aquifer may be acceptable (or even desirable if it
decreases the potential for development that may affect other, more highly
used aquifers). In such an example, it is possible that ground-water
nitrate-N concentrations of even 20 mg/L or more would be unlikely to
create health or water quality problems. Likewise, 1if discharge was to a
stream, its dynamic environment might assimilate the added nitrogen load
with little adverge effect.

By contrast, consider a similar development proposed above a deeper
(10 m), thicker (50 m) aquifer that 1s heavily used for domestic water by
an existing development down-gradient from the proposed one, or that dis~
charges to a nearby lake. The potential for increased risk of drinking
water contamination or nutrient enrichment of the lake is substantial.
Accordingly, care should be exercised in determining an acceptable housing
density, and/or alternative methods of sewage treatment should be investi-
gated. Integrating the above information into the land-use planning process
would result in a decision that development in the former area would be
more desirable, other factors being equal.

Congideration of the criteria outlined in Table 2 represents a
substantially wore sophisticated approach to the site evaluation process
than commonly employed. However, given the increased concern for ground-
water quality, such sophistication 1s necessary and beneficial to insure
that the potential adverse impacts of septic systems are minimized. A
detailed Ffield assessment of thege factors will not be necessary for every
situation, but even in those cases it is helpful to review these factors to
obtain a better understanding of the potential impacts. Information of
this nature will assist publlic officials 1in calculating the risks
assoclated with a site (i.e. weighing the probability of contamination
versus the health and eavironmental consequences of such contamination).

CONCLUSION

Given the limitations in quantitative data avatlable for most
aquifers, such assessments are as much art as science, and their quality
will reflect the acumen of the appraiser. The foregoing discussion is
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intended to improve both the reasoning power and sclentific skills of the
decision-maker. Recognizing the inherent difficulty in attempting to
accurately quantify the parameters infiuencing ground-water quality, a
simple model 1ies ptoposed to assist local authorities in the evaluation
process. Further, this discussion indicates that evaluating the ground-
water gquality 1mpacts of septic systems is a four—step process. 1) The
diluting capacity of the aquifer should be evaluated. 2) An estimate of
nitrogen loading to the aquifer ig needed. 3) The potential for denitrifi-
cation within the system should be considered. 4) An assessment 1s needed
of the relative importance of the receiving surface and ground waters.

pPreservation of ground-water quality is an issue whose time has come.
In the coming years, the loading rate of septic system nitrates to shallow
aquifers can only increase, and with it, the potential for serious ground-
water contamination. As with other types of envirommental issues, the key
to effective management is the early recognition of potemtial problems, and
the development of appropriate strategies to mitigate or eliminate them.
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