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ABSTRACT

GROUND WATER MONITORING STRATEGIES TO SUPPORT
COMMUNITY MANAGEMENT OF ON~SITE HOME SEWAGE DISPOSAL SYSTEMS

Organizations which provide centralized management of on-site
sewage disposal systems are currently evolving in many areas of the
United States. At present, there is no routine feedback for management
agencies regarding their efforts in preventing ground water contamina-
tion. Ground water monitoring is necessary to provide these agencies
with the information they need to maintain ground water quality. This
research is directed toward supplying monitoring strategies for that
purpose.

Ground water monitoring strategies presented herein were developed
by combining deterministic and probabilistic approaches. The variables
which need to be considered in such a monitoring program are discussed.
Two types of monitoring are defined which need to be incorporated into
an overall management plan. Inspection monitoring refers to the moni-
toring of individual systems to determine if they are exceeding their
design discharge of pollutants to the ground water. Trend monitoring is
defined as the monitoring which detects over time and space the cumula-
tive effect of a management agencies pollution control efforts.

Inspection monitoring strategies are developed in terms of the
sampling frequencies necessary to obtain a specific probability of
detecting system failure. A mathematical model describing the flow of
pollutants through the leach field is developed for the purpose of
evaluating sampling plans and a sensitivity analysis is performed to
determine the effect of varying the parameters of the system and the

input to the leach field.

iid



The discussion of trend monitoring strategies is based primarily on
existing statistical theory. Sampling frequency is discussed in terms
of the number of samples required to obtain an estimate of the mean of a
water quality variable within specified confidence limits. The effect
of spatial and serial correlation 1s also considered. Finally, a dis-
cussion of various sampling techniques applicable to ground water moni-
toring is presented.

James D. Nelson

Department of Agricultural
and Chemical Engineering

Colorado State University

Fort Collins, Colorado 80523
Spring, 1980
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CHAPTER 1

INTRODUCTION

Community Management Concept

Organizations which provide centralized management of on-site home
sewage disposal systems are currently evolving in many areas of the
United States. These management organizations are designed to provide
professional levels of operation and maintenance for on-site systems
within a community. The organizations which have been developed to date
have no set pattern of operation or levels of activities, but rather are
geared to local community needs.

Community management of on-site home sewage disposal systems is
evolving into an effective means of controlling water pollution from
previously poorly maintained on-site systems. In many situations the
community management concept i1s being considered as a more cost-effective
wastewater management alternative to more traditional centralized sys-
tems. Prior to implementation of this type of approach, communities in
unsewered areas were frequently faced with waste management projects

which had extremely high per capita operating costs.

Reasons for Increased Use of On-site Systems and Community Management

During the past few years there has been an increase in the use of
on-site systems. This increased use has been caused by several trends
operating in the United States. First, affluence and energy development
have brought about three general types of development taking place today
which lend themselves to the use of on-site systems.

1. Recreation and second-home communities. This form of develop-

ment, besides often being on large lots, occurs at such slow
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rates that central systems are not practical, leaving
individual systems as the only alternative.

2. Bedroom communities. This form of development on the outskirts

of large cities is often designed to recapture some of the
rural aesthetics lost by living closer to the city; thus,
large lots with individual services are common.

3. Energy boom-town communities. These communities develop

rapidly during construction and often then contract once
construction is completed, thus precluding large investments
in central systems until more stable conditions are achieved.

Another factor which enters into the increased use of on-site
systems is a reversal in attitudes toward the acceptability of these
systems in providing adequate treatment. Recent research (ASAE, 1974;
ASAE, 1977) has shown that, with adequate planning and maintenance,
these systems can function quite well in development areas such as those
described above.

Lastly, the Clean Water Act of 1977 (Public Law 95-217) has provided
incentive for the use of on-site systems through the EPA construction
grant program. Rhett (1977) notes that while federal construction
grants have traditionally been limited to conventional centralized
treatment systems, current trends are toward a more complete evaluation
of the cost-effectiveness of alternative treatment methods, including
on-site systems. Section 14 of the Clean Water Act of 1977 authorizes
grants for privately-owned systems serving one or more principal resi-
dences or commercial establishments. As indicated by Brooks (1978)
small publicly-owned treatment works, which could include on-site

systems, are also grant eligible.
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The entities (institutions) which could legally provide central
management of on-site systems vary from state to state. A number of
possible entities have been listed and discussed in a report from the
Small Scale Waste Management Project (1978). Among those listed are
municipalities, counties and townships, special purpose districts,
private non-profit corporations, rural electric cooperatives, and
private profit-making businesses.

The management organizations currently in existence exhibit a wide
variance in functions and responsibilities ranging from very limited
control to complete ownership of the systems within the district. This
broad range of functions is exemplified by a brief review of some of the
central management agencies presently operating. A more complete de-
scription of the following programs as well as several others is given
by Otis and Stewart (1976) and Roy F. Weston, Inc. (1979).

1. Santa Cruz County Septic Tank Maintenance District, California

(Otis and Stewart, 1976). The primary function of this agency

is the inspection and pumping of all septic systems within the
district. The agency does not perform any monitoring nor does
it design systems. As a result of the limited functions,
there 1s little control over the effectiveness of the systems
it tries to maintain.

2. Stinson Beach County Water District (SBCWD), California

(Wilson, et al., 1979; Roy F. Weston, Inc., 1979). The SBCWD

was initially formed to evaluate the cost-effectiveness of
continued use of on~site systems relative to a centralized
collection and treatment system. The continued use of on-site

systems was selected as the best alternative. However, it was
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also decided that the SBCWD should serve as a central manage-
ment agency and that a sampling and inspection program should
be instituted to monitor system performance. The SBCWD manage-
ment program consists of an inspection procedure wherein a
wastewater technician records septic tank dimensions, tank
conditions and construction, scum thickness and sludge level,
and household size. Drainage conditions are also checked. If
the system does not appear to be functioning properly upon
initial investigation, a more extensive Inspection is performed
to determine the cause of failure.

On-Site Wastewater Management Program, Fairfax County, Virginia

(Roy F. Weston, Inc., 1979). Management of on-site systems in

Fairfax County, Virginla, is characterized by interaction
among public agenciles and private developers, lenders, and
homeowners. The program is administered by the county health
department and 1s an example of management through site evalu-
ation and system design. Site evaluation is based primarily
on soil suitability. Satisfactory construction is determined
by health department inspections during the entire construc-
tion period. Operation and maintenance of the systems are the
responsibility of each individual homeowner. The county's
involvement in on-site systems diminishes significantly once
the system begins operation. No monitoring is conducted after
a system has been Installed.

Georgetown Divide Public Utility District (GDPUD), El Dorado

County, talifornia (Otis and Stewart, 1976). This particular

management agency is authorized to perform a number of
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functions. Site specific systems are designed for problem
areas. All systems are monitored during installation and
inspected and maintained after installation. The district
also has the authority to monitor water quality for the pur-
pose of determining the effectiveness of individual systems.
The GDPUD borders on complete central management of non-
central systems. The only limitation is that the district
does not own the systems.

From the above descriptions of currently operating management
programs, it is obvious that their objectives and methods of achieving
those objectives vary considerably. However, it i1s noted that community
management of on-site systems is becoming more and more widely accepted
as a viable method of dealing with waste disposal.

Increased interest in centralized management of on-site systems is
also reflected in other literature concerning innovative and alternative
technology. Hais, et al., (1979) reviews the current status of EPA's
Innovative and Alternative Technology Program of which individual on-
site systems are playing an increasingly important role. Ciotoli, et
al., (1979) notes in the following quote that policies regarding on-site
systems have changed drastically over the last few years at the national,
state, and local level.

"At the national level, these changes are reflected
in the 1977 Clean Water Act Amendments, in the most
recent EPA memorandum (PRM 79-8), and in the newly
formed 'White House Rural Water and Sewer Initia-
tives'. At the state level, state agency organiza-
tional changes, numerous state-sponsored workshops
and conferences on noncentral waste management
issues, and changes in state sewerage construction
grant allocation policies have taken place which

have helped to alter and refocus state responsi-
bilities toward the management of on-site and small
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community systems. At the local level, the respon-
sibility for managing, operating, and regulating on-
site and small community systems has undergone
equally dramatic changes over the past several
years, with management responsibilities shifting
from state to local levels, and new specialized
wastewater management agencies and service districts
being created."

Data Requirements of Management Agencies

In order for a management entity to provide adequate maintenance of
the on-site systems within its jurisdiction, there are certain data
requirements which must be met. These requirements include information
which is readily available such as household size, septic tank and leach
field locations, and septic tank density. Also, data regarding physical
characteristics of the area are important. This includes soil type,
ground water levels, and ground water flow rates. Although this infor-
mation will be more difficult to obtain, it will be wvital to successful
ground water quality management. Lastly, data on the actual concentra-
tion of contaminants in the aquifer will be necessary to quantify the
effectiveness of a management organization with respect to pollution
abatement. It is toward this data requirement that the research
described herein is directed.

Many of the above requirements are being adequately dealt with by
management agencies. The extent to which this need has been met depends
to some degree on the scope of the agency's authority. An entity which
has been delegated the authority for complete management of the systems
within its district can generally respond adequately to data require-
ments necessary for site selection, alternative system design for prob-
lem areas, and detection of malfunctioning systems which result in

surface failure.
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However, most communlty management organizations do not routinely
receive any feedback from the system relative to the success of the
routine maintenance action with regard to deterioration of ground water
quality.

Most management agencies recognize the iImportance of collecting
data relative to minimizing the possibility of ground water contamina-
tion. Proponents of the community management concept invariably agree
that some type of ground water monitoring 1s necessary to evaluate the
effectiveness of the management organizations' activities; and the
guidelines established by existing management agencies usually indicate
that a monitoring program will be undertaken. However, the type of
monitoring and the specific monitoring procedures are seldom delineated.
For example, the following quote from the Ordinance establishing rates
and charges for sewage disposal service and providing procedures for its
enforcement by the GDPUD is typical (El1 Dorado County Health Department,
1972).

"To assure protection of surface and subsurface
waters the district will maintain a watershed moni-
toring program through said areas of said improve-
ment Districts A and B, such program to be in con-
ference with standards determined in conjunction
with the (El Dorado) County Health Department, the
Regional Water Quality Control Board and the Bureau
of Reclamation."

The monitoring system established by the GDPUD consists of seven
monitoring stations, inspection of septic tank effluents, and analysis
of soil cores. 1In areas where system failure results in surface seepage
or wastewater backing up into the house, this monitoring may be suffi-
clent. However, a more extensive and carefully designed monitoring

program will be necessary to detect degradation of the ground water

quality.
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Objectives
There is a need to develop ground water monitoring procedures to
assist communlty management organizations in meeting the data require-
ments necessary to effectively maintain ground water quality within
their jurisdictions. The purpose of this study 1s to provide ground
water monitoring strategies which can be used to increase management
effectiveness. More specifically, the objectives of this study are to:

1. Delineate the variables which should be included in a ground
water monitoring program for community management of on-site
sewage disposal systems.

2, Determine the sampling frequencies necessary to adequately
monitor an individual on-site system.

3. Discuss statistical considerations involved iIn detecting
ground water quality variations in an entire ground water
basin as a result of input from several on-site systems.

4, Describe sampling techniques which can be used in a ground
water monitoring situation and discuss relative advantages and

disadvantages of each.

Scope
Two types of monitoring have been identified which will need to be
incorporated into an overall community management scheme. TFor the pur-
pose of this research, they are defined as follows:
1. Inspection monitoring--that monitoring involved in the routine
inspection of an on-site system to determine if it is exceeding

the design discharge of pollutants to the ground water.
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2. Tr.nd monitoring--that monitoring which detects over time and
space the cumulative effect of the management district's
pollution control efforts.

In any monitoring program it is necessary to define the type of
failure the monitoring i1s intended to detect. Certain types of failure
have been specified by established community management organizatioms.
These failures include surface seepage of insufficiently treated effluent
and back-up of wastewater into the house. Abatement of these types of
failure is certainly an important function of a management organization;
however, observations of this nature do not require the type of analysis
followed in this study.

An equally important function of a management organizatlon is the
detection of any detrimental effects the septic tank leach field output
might have on the ground water. This research effort is directed toward
this type of failure.

In this study the primary emphasis has been placed on selecting
sampling frequencies for both inspection and trend monitoring. However,
some discussion is also given regarding sampling location for both types

of monitoring.

Organization of Report
The remainder of this study is organized as follows: Chapter 2
contains a description of the variables which should be included in a
monitoring program to support community management. Although several
variables which can be considered important for ground water monitoring

are discussed, design of the inspection monitoring program is based on

the detection of nitrates alone. Rationale for this approach is also

discussed in Chapter 2.
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Chapters 3 and 4 involve the development of inspection monitoring
strategies. The design for inspection monitoring was developed on the
basis of a mathematical model. The flow of nitrates through the leach
field was modeled via the convective-dispersion equation and the input
to the leach field was simulated over a specified time period. Various
sampling frequencies were superimposed over the output from the leach
field in order to evaluate their effectiveness. Chapter 3 describes the
development of the model while Chapter 4 discusses the results obtained.

Chapter 5 deals with the development of a trend monitoring program.
The development of trend monitoring strategies did not involve any
mathematical modeling. Rather, the statistical considerations which
need to be taken into account are discussed. Also, sampling techniques
which will be useful in ground water monitoring are delineated and the
advantages and disadvantages of the techniques are discussed relative to
ground water monitoring.

Chapter 6 concludes the study with a brief summary and a discussion

of the applications to community management of on-site systems.

Information Utilization

The primary objective of this research is the development of
statistical guidelines which can be employed by a management organiza-
tion to supply data relative to their needs. However, it should not be
overlooked that the ultimate goal of management is the transformation of
this data into information which can be utilized in making decisions.
This transformation from the data analysis activity to the information
utilization is necessarily very subjective and is ultimately the

responsibility of the decision maker.
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The importance of considering information phases of regulatory
water quality monitoring activities and the reluctance of most investi-
gators to incorporate this in their studies has been discussed by Ward
(1979). Acknowledgement of the fact that information utilization is of
a highly subjective nature and that the worth of data obtained from any
monitoring network is dependent on such factors as economic constraints
and the overall objectives of monitoring as defined by the decision

maker is an important consideration in the ultimate use of this report.



CHAPTER 2

SELECTION OF VARIABLES

One of the first steps in the development of any monitoring program
is the selection of variables to be monitored. The problem of selecting
the variables required for monitoring on-site systems is addressed in
this chapter. The discussion presented has a two-fold purpose:

1. To prove background information on the variables that will be

important for a management organization to monitor, and

2. To describe the advantages and disadvantages of using the

different variables in a model used to develop inspection
monitoring strategiles.

The variables to be monitored should be representative of the
particular monitoring purpose under consideration. A number of variables
are important in the detection of ground water contamination from on-
site systems. Two types of contamination are of primary concern--the
contamination which presents a possible health hazard and the contamina-
tion which results in excessive nutrient loads leading to accelerated

eutrophication of nearby surface waters.

Health Hazard Contamination
The contaminants from septic-tank effluents which can be considered
important from a health standpoint are bacteria and viruses. Also, high
concentrations of nitrate can be a health hazard. (Concentrations in

excess of 10 mg/% NO.-N have been linked to cases of methemoglobinemia

3
in infants). However, since much smaller concentrations can cause

eutrophication problems, discussion of this varilable will be deferred to

the section on nutrient contamination.
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Since one of the primary objectives of a septic tank leach field
system is the removal of pathogenic organisms, the use of a bacterio-
logical or virological variable as an indicator of system failure is
obviously justified. The following review of literature involving virus
and bacteria removal in soils is provided to indicate the role these
variables have with regard to inspection monitoring and also to describe
the limitations associated with use of them in an inspection monitoring

model.

Viruses

The primary mechanism for virus removal in a soil system has been
determined to be adsorption (Filmer, 1966; Drewery and Eliassen, 1968;
Burge and Enkiri, 1978). Consequently, the removal of viruses from
wastewater as it percolates through a leach field depends on the adsorp-
tive capacity of the soil in that leach field. The ability of a soil to
adsorb viruses cannot be exactly quantified on the basis of measured
soil properties. However, general trends such as increased adsorption
with increasing clay content, silt content, and cation exchange capacity
have been noted (Drewery and Eliassen, 1968; Burge and Enkiri, 1978).
Virus adsorption is also greatly affected by the pH of the soil-water
system. Drewery and Eliassen (1968) showed that at pH values below 7.0
virus adsorption is rapid and effective to a high degree, but the
effectiveness decreases considerably as the pH increases. The pH of
septic tank effluent is generally on the order of 6.5 and 7.5
(Viraraghavan and Warnock, 1974).

Green and Cliver (1974) conducted experiments on virus removal in
sand columns. They determined that a properly operating sand filtration

system should present no hazards due to virus contamination. However,
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they did report certain important factors which should be considered.

At low temperatures the sand is much less retentive and inactivation
occurs at a much reduced rate. Also, operation under unsaturated condi-
tions is necessary for adequate removal.

A study was undertaken by the Small Scale Waste Management Project
(SSWMP) (1978) in order to provide information more specific to virus
removal in on-site disposal systems. Prior to this investigation a
number of important questions regarding virus removal, such as the long-
term effects of wastewater application to the soil, had remained un-
answered. Column studies indicated that silt loam soils are very effi-
cient in virus removal. A reduction of not less than 10-thousand fold
in a 10 cm depth for the duration of the study period of almost two
years was reported. Sand was also found to be very effective but became
somewhat less retentive after a few weeks of continuous loading, espe-
cially at temperatures as low as 6 to 8°C.

A standard loading of 5 cm/day, which resulted in unsaturated
conditions, was used during these studies. Ten-fold hydraulic surge
overloads were tested and some viruses were carried through the 60 cm
sand columns under these conditions. Surge loading was not a factor
with the silt loam soils since their hydraulic conductivity precluded
too rapid infiltration of the effluent. Problems associated with surge
loading of this type of soil 1n a field situation would manifest them-
selves in surface seepage or back-up of the wastewater into the home.

Under the worst conditions tested in the SSWMP study, well over
99 percent removal of the viruses was still maintained. Very little
displacement of the adsorbed viruscs was noted. The viruses were gradu-

ally inactivated after adsorption, the rate of inactivation decreasing
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with decreasing temperature. These results are somevwhat contradictory
to an earlier report (Carleson, et al., 1968) which implied a potential
problem with wastewater disposal on soil since their investigation indi-
cated that virus adsorption was a reversible process and the viruses
were 1nactivated only temporarily. However, the study by Carleson, et
al., (1968) used distilled water as the suspension medium as opposed to
septic tank effluent used in the SSWMP study. This could explain some
of the discrepancy between the two results since in the SSWMP study the
principal adsorption surface was determined to be a floc which accumu-

lated as a result of loading with septic tank effluent.

Bacteria

Several different kinds of bacteria could be used to evaluate the
extent of pollution from an on-site system; however, a number of these
bacteria are ubiquitous and would, therefore, serve poorly as indicators
of contamination. Fecal coliforms and fecal streptocci are recommended
for use as indicators of fecal pollution since they satisfy four impor-
tant criteria (SSWMP, 1978):

1. They are always present in very high numbers in the feces of
man and warm blooded animals and are not found in abundance in
areas where fecal contamination is not present.

2. Their typical survival time is sufficiently long that they are
likely to be present during the treatment process.

3. They can be monitored more easily than other bacteria because
standard methods for their determination and pollution levels
for maximum permissible concentrations have been developed.

4. They generally outnumber pathogenic bacteria and are therefore

more likely to be detected.
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Although the adsorption process probably accounts for some bacteria
removal in soil sytems, the primary removal mechanism is filtration
(Gerba, et al., 1975). After an on-site system has been in operation
for some time, a blological clogging or crusted layer develops at the
bottom of the trench beneath the drain lines (Magdoff and Bouma, 1974).
Consideration of this crust layer is important in defining the hydraulic
characteristics of the system as will be discussed later. The layer
also serves an important function with regard to bacteria removal.
Recent studies by Brown, et al., (1979) and Ziebell, et al., (1975) have
indicated that there is a transition period from the beginning of opera-
tion of an on-site system until a biological clogging layer becomes
established during which some systems, in particular sandy soils, do not
function adequately in the removal of bacteria. The length of this
transition period has not been quantified, but from the studies con-
ducted it seems to be on the order of 3 to 6 months. However, this
clogging layer, once established, acts as a very effective filter for
bacteria.

A necessary requirement for bacteria removal, as in the case for
virus removal, appears to be sufficient depth of an unsaturated zonme.
This unsaturated flow, induced by either a clogging zone or a limited
application rate, causes a more tortuous flow path through the smaller
pores of the soil matrix thereby enhancing removal by forcing more soil-
water contact. Two recent studies (Reneau, 1978; Hagedorn, et al.,
1978) have indicated that bacteria can move long distances in a rela-
tively short period of time under saturated flow conditions.

Data collected from column studies by Ziebell et al. (1975) sug-

gests that 60 cm of sand is adequate in removing fecal bacteria.
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However, such factors as flow regime and temperature clearly affect the
removal process and, for added safety, more than 60 cm depth should be
provided. Ziebell, et al. (1975) also studied bacteria removal in silt
loam columns. The results indicate that 50 cm of silt loam soil is
sufficient for removal of fecal bacteria under normal flow regimes
encountered in the field. However, some short circuiting through large
pores or cracks did occur resulting in the bypass of bacteria through
some of these columns. The authors noted that this situation was proba-
bly characteristic of the column studies only since the large pores and
cracks which occurred in the columns would not extend indefinitely into
the soil under field conditions.

This conclusion is supported by field data (Brown, et al, 1979).
In this study movement of fecal coliforms was monitored in situ in three
different types of soils. A sandy loam soill, sandy clay soil, and a
clay soil were investigated. The clay soll proved most effective with
very low concentration collected at any point below the clogged zone.
In the sandy soil and sandy loam some isolated high concentrations
were noted as a result of travel through root channels. Fecal coliforms
were detected below 120 cm only occasionally. A 10 to 100-fold reduc-
tion within 5 cm was not uncommon. In most cases fecal coliforms were

not present below 35 cm.

Conclusions

Studies to date seem to indicate that properly designed on-site
systems are very efficient in the removal of viruses and bacteria from
septic tank effluent. With proper emphasis placed on site evaluation
and correct installation procedures, bacteriological or virological

contamination is unlikely. This is not intended to imply that monitoring
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for these contaminants is unimportant given the grave consequences of
allowing malfunctioning systems to continue operation. This type of
monitoring may be particularly important where the leach field overlies
fractured bedrock as is frequently the situation in mountainous areas.
Bacteria have been shown to travel very long distances in these types of
locations (Millon, 1970; Morrison and Allen, 1972; Waltz, 1972).

Although considerable research has been conducted in recent years
regarding bacteria and virus removal, the modeling of the removal proc-
esses has not yet reached a point of general application as required for
this study. The approach used in this research was to develop inspec-
tion monitoring strategies by mathematically modeling the flow of con-
taminants through the leach field. Hence, it was decided that some
other variable which could be modeled more accurately would be more
appropriate for this purpose than bacteria or viruses. Another reason
for not including bacteria or viruses in the design of inspection moni-
toring was that 1f the system is functioning properly, bacteria and
viruses should be completely removed. Detection of the occurrence of
only sporadic failures would require inordinately high sampling fre-
quencies.

A number of approaches can be used in lieu of intensive bacterio-
logical monitoring to assure adequate purifiaction. Careful attention
to site evaluation and proper installation can reduce the monitoring
requirement. Also, simply monitoring the ground water level can be an
effective strategy. If the depth of the unsaturated zone is sufficient,
minimal sampling for fecal indicators should be adequate. In this case
the sampling frequency could be the same as that required for some other

variable, e.g. nitrate. However, if the ground water level increased to
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the point that effective bacteriological purification is limited, an
increase in sampling frequency is justified. Some systems will require
more intensive monitoring due to their location or the type of the soil.
On-site systems located in mountainous areas should be monitored more

carefully, as should systems with very sandy soils.

Nutrient Contamination

As previously indicated another type of contamination from on-site
systems which is of major concern is that which results from excessive
nutrient loads. The importance of this contamination depends to a large
extent on the location of the system. Those which are located in areas
very near bodies of surface water should be monitored carefully for
nutrient contamination. Concentrations of phosphorus as low as 0.02 to
0.05 mg/? and nitrate concentrations on the order of 0.5 mg/% have been
shown to cause eutrophic conditions in surface waters (Norvell and

Frink, 1975).

Phosphorus

Research indicates that on-site disposal systems are very effective
in the removal of phosphorus from wastewater. When phosphorus is applied
to the soil, it is initially adsorbed to the soil mineral surfaces. As
the phosphorus concentration in the soll solution increases, precipita-
tion reactions may occur (Sikora and Corey, 1976). 1In a laboratory
investigation of phosphorus retention Magdoff and Keeney (1976) reported
121 ug/g retained in sand columns. Based on this information and data
from other studies, Sikora and Corey (1976) estimated the depth of
phosphorus penetration to be approximately 50 cm/year in sandy soils and

as low as 10 cm/year in finer textured solls. This would indicate the
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possibility of ground water contamination in sandy soils with high
ground water levels. Laboratory studies from Sawhney (1977) also sug-
gest the possibility of phosphorus contamination in areas with high or
perched water tables and soils with low adsorptive capacities.

However, analysis of samples from a sandy soil around a seepage pit
that had been operating for 12 years showed that phosphorus had moved a
horizontal distance of only 135 cm (Sawhney and Hill, 1975). Laboratory
studies revealed that the soil should have been saturated with phosphorusl
up to a distance of 5 meters. Yet the soil was not fully saturated even
at a distance of 15 cm suggesting that the sorption sites are regenerated
with time. This regeneration was confirmed in the laboratory by alter-
nating wetting and drying phases. Thus, extrapolating laboratory results
of field situations may be very misleading. This is confirmed by another
study in which concentrations of only 0.5 mg/% were found at a depth of
60 cm In a six year old system (Sawhnev and Starr, 1977).

In a recent report by Jones and Lee (1979), results obtained from a
four year study showed that on-site systems will not, in peneral, be a
source of phosphorus for surface waters. Thils study involved intensive
monitoring of ground water adjacent to a septic tank leach field. The
study area was a recreational development located in northwestern
Wisconsin which has received criticism because of the possibility of
ground and surface water contamination resulting from septic tank dis-
charge. The data collected indicated that septic tank effluent did
migrate into the ground water around the region. However, phosphorus
was apparently retained very effectively since none was found in any of
the monitoring wells even though the soils in the area were very sandy

and had a very low adsorptive capacity. The authors conclude that in a
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limited number of circumstances where septic tank disposal systems are
located immediately adjacent to surface waters it is conceivable that
phosphorus may be contributed to those waters. However, in most cases
phosphorus will not be transported far enough through the soil to enter
surface waters.

Results of the investigations reviewed above indicate that in most
cases phosphorus contamination from on-site systems will not be a major
problem. Therefore, designing a general monitoring network to account
for phosphorus contamination is not recommended, although some site
specific situations would certainly warrant considering phosphorus con-

tamination as a factor in monitoring design.

Nitrogen

The predominant forms of nitrogen in septic tank effluent are
ammonium and organic nitrogen. Ammonium constitutes about 75 percent of
the total nitrogen content and organic nitrogen constitutes about 25
percent (Otis, et al., 1974). When effluent leaves the septic tank,
further nitrogen transformations take place. Organic nitrogen is
rapidly mineralized to ammonium. Ammonium in solution is readily sorbed
by soil particles due to the cation exchange capacity of the soil
(Lance, 1972). The ammonium ion can be leached to the ground water if
anaerobic conditions exist in the leach field and if the cation exchange
sites in the soll have become equilibriated with the cations in the
effluent (Sikora and Corey, 1976). The ammonium ion can be fixed in a
stable form by expanding clay minerals 1f it is trapped between the
layers of these minerals, and under certain conditions ammonium reacts

with soil organic matter to form .omplexes that are resistant to leaching
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and decomposition (Lance, 1975). However, it is unlikely that either of
these reactions will be extensive in leach fields.

The two primary mechanisms of nitrogen transformation in a septic
tank leach field are nitrification and denitrification. Nitrification
refers to the biological oxidation of ammonium, first to nitrite, then
to nitrate. Denitrification is the conversion of nitrate to nitrogen
gas.

Nitrification is an aerobic reaction with nitrate being the pre-
dominant end product. Nitrate is considered a conservative pollutant
and is therefore of major concern since it can pass easily through the
soil. Nitrate can be immobilized by plant uptake and by microbial
incorporation into the biomass of certain organisms, but neither of
these processes can be considered significant in leach field systems.

Denitrification is the only mechanism by which enough nitrate can
be removed from the septic tank effluent to be considered significant
(Sikora and Keeney, 1976). Denitrification occurs in the absence of
oxygen and the nitrogen must be in the nitrate form. Therefore, nitri-
fication, an aerobic process, must occur before denitrification, an
anaerobic process. This implies two completely opposite aeration re-
quirements in the same spatial proximity for the removal of nitrogen.

Denitrification also requires some energy source. The available
carbon from the wastewater is usually not sufficient. Stewart, et al.,
{1979) reported that in column studies, available carbon from the
leachate which was usable as an energy source was completely exhausted
between the 42nd and 95th day of their tests. Thereafter, nitrate
reduction as the soill solution passed through the saturated zone re-

mained below 28 percent.



Conclusions

From the above discussion it is obvious that on-site systems func-
tion poorly in the removal of nitrogen from wastewater. Operation in
the unsaturated flow regime, which is necessary for adequate bacterio-
logical and virological treatment and for phosphorus removal, also
establishes conditions which allow for rapid nitrification within the
first few centimeters of unsaturated flow. Simple dilution of the
nitrate with the ground water provides adequate reduction of the nitrate
concentrations if the density of septic tanks in a given area is suf-
ficiently low. Calculation of the nitrogen input from septic tank
systems indicates that this source would not result in nitrate-N concen-
trations in the ground water in excess of 10 mg/% when the density of
the systems is less than 1 per 0.2 hectare (Walker, et al, 1973b).
However, higher densities could result in significant increases in
nitrate concentrations in the ground water.

Unlike the modeling of bacteria and virus removal processes, the
modeling of nitrate flow through a porous medium has been well docu-
mented. Nitrate movement through soil can be modeled accurately enough
to be used for the design of inspection monitoring.

For the above reasons it seems that nitrate would serve as an
important variable to monitor from a water quality management standpoint.
Based on a sampling program set up to monitor nitrates, rational deci-
sions could be made regarding the allowable density of on-site systems
in a given area or when some type of alternative treatment 1is necessary.
For the purpose of this study nitrate was the only varilable which was

included in the model used to study inspection monitoring design.
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Othexr Variables

A number of other variables which have been included in previous
investigations of on-site systems have not been discussed here. These
include such variables as BOD, COD, total suspended solids, and chlorides.
Although studying these quantities has led to increased understanding of
the operation of on-site systems, there is little need to include most
of these varilables in a water quality management program. Considering
the fact that the wastewater is ultimately being discharged into an
anaerobic environment, the oxygen demand of that wastewater is unimpor-
tant. Measurements on suspended or dissolved solids could be important
in terms of leach field clogging but would serve little purpose in a
ground water monitoring program as described here.

Chloride measurements have frequently been used as an indication of
the overall extent of pollution and as such can be an important variable
in a monitoring program. However, chloride measurements will not give
any indication of the degree of treatment provided by a leach field and,
therefore, should not be considered as important as the bacteriological
and nutrient variables previously described.

Because of the budgetary and time constraints that will be imposed
on a management agency, it will be necessary to limit the variables to
be monitored to those which can be considered most important in terms of
meeting the monitoring objectives. Some special situations may present
the need to include more variables than those described in this chapter.
If this 1s the case the specific variables to use will be dictated by
the particular problem being considered. However, for most situations
involving ground water monitoring of on-site systems, the variables

previously discussed will suffice.



CHAPTER 3

DEVELOPMENT OF THE MODEL

In order to evaluate the effectiveness of several proposed sampling
plans for inspection monitoring, a model was developed which simulates
the operation of an individual on-site system. This chapter provides a
description of that model and discusses the assumptions made in the
model development.

From the previous discussion on the selection of variables which
need to be monitored, it follows that nitrate is the most logical vari-
able to incorporate into the model. Two types of models were combined.
A mass transport model was used to trace the actual physical movement of
the pollutant through the leach field and a simulation model was used to
establish the input concentrations.

The application of the model described herein 1s limited to the
evaluation of sampling plans for inspection monitoring as previously
defined. General sampling techniques for trend monitoring will be dis-
cussed in Chapter 5. It is emphasized that this model is of a very
hypothetical nature and the results should not be construed as an exact
quantification of the performance of an actual on-site system. Rather,
they should be viewed as a relative means of comparing several sampling
plans and as an indication of the importance of the various factors con-

sidered in designing an overall monitoring strategy.

Mass Transport Model Description
The flow of nitrate through the leach fileld was modeled via the

convective-dispersion equation:
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3C 3 C 3C
= (1)

where D is the dispersion coefficient of the contaminant, C is the con-
taminant concentration, t is time, Z is the distance traveled through

the soil, and V is the seepage velocity of the wastewater through the
media. S represents a source or sink term which accounts for changes in
contaminant concentration due to reactions such as adsorption, biological
uptake, or other similar mechanisms. For the purpose of this study
nitrate is considered a conservative pollutant; therefore, S is assumed
to be zero.

The solution of equation 1, with § = 0, is given by Ogata and Banks

(1961) as -
[} .‘u 1 ] \
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where C is the concentration at time t, C0 is the input concentration,
erfc 1s the complimentary error function and all other quantities are as
previously defined. The initial and boundary conditions used to obtain
the above solution are

c(0,t)

]
0
rt

>0
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Ogata and Banks (1961) indicate that in many cases it is only
necessary to consider the first term in equation 2. They present a
quantitative method by which the error associated with neglecting the
second term can be determined as a function of n = %z.

For the values of the parameters considered in this study, the

largest value of n was calculated as 1.79 x 10—2. For this value the

second term in equation 2 may be ignored with a maximum error of less
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than 9 percent. For all other values of n calculated from the param-
eters used, ignoring the second term results in a maximum error of less
than 1 percent. Therefore, the solution to equation 1 used in this

study was taken as

% - % erfc (3)

0 o 2

The variation of the input concentration with time was simulated as
a step function. The concentration at the sampling point at time t was

determined by superposition of equation 3. That is

>
>
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. . . th
where Ct is the concentration at the time of interest t, AC0 is the 1

i
change in the inflow concentration, t;_1 is the time of the i-1 change,
and n is the number of changes which have occurred prior to time t.

Equation 4 was solved for two vertical portions of the leach
field--first for the unsaturated zone, and then for the saturated zone
(see Figure 1). The input concentration for the unsaturated zone was
taken as the concentration of the septic tank effluent. The input
concentration for the saturated zone was taken as that concentration
which was calculated at the water table surface.

For the purpose of this study the assumption was made that all
ammonium was immediately converied to nitrate upon entering the unsatu-
rated zone directly below the biological crusted layer. There is
evidence that this transformation does take place within the first few
centimeters of a well aerated soil. Walker et al. (1973a) noted that in

sandy soils nitrification commenced in the unsaturated zone about 2 cm

from the crusted layer and that nitrification was essentially complete
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within 6 cm. Since there is almost no nitrate in septic tank effluent,
the input nitrate-N concentration for the model was taken as the
ammonium-N concentration of the septic tank effluent.

In order to determine the nitrate concentration of a sample at a
specified time, equation 4 was evaluated at the sampling depth which was
taken as 20 cm below the ground water level. The rationale for locating
the sampling point in the upper portion of the saturated zone was based
on the classification of the treatment system as shown in Figure 2. All
portions of the system from the septic tank to the lower boundary of the
unsaturated zone were considered a part of the treatment system. Inspec-
tion monitoring is designed to determine the effectiveness of the treat-
ment system itself and thereby quantify the output quality of the system.
This will, in turn, be the input to the ground water aquifer. This
approach is comparable to the effluent monitoring procedures as dis-
cussed by Popel (1976) and Berthouex (1974). Further discussion of the
parallels between inspection monitoring and effluent monitoriug will be
presented later.

there is some justification for not limiting the treatment system
to the unsaturated zone, but including the saturated zone as well.
However, in many situations, such as areas with a high density of on-
site systems and mountainous areas where the leach field is located over
fractured bedrock, it is necessary to insure complete treatment of the
wastewater before it reaches the water table. Since this model will be
used in the evaluation of inspection monitoring strategies for individual
systems, it seems reasonable to locate the sampling point where treatment

is assumed to be completed.
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In the model the ground water level was set at 150 cm. Two other

levels, 90 cm and 250 cm, were considered in the sensitivity analysis.

Determination of Transport Model Parameters

Calculation of Seepage Velocities

Seepage velocities used in equation 4 were determined on the basis
of research conducted by Bouma (1975). This study quantified the effect
of the biological crust layer on infiltration of septic tank effluent
into the soil. Thirteen subsurface seepage systems, ranging in age from
0.5 to 12 years, were studied. The systems were divided into four
general soil types: sand, sandy loam, silt loam and clay. Subcrust
tension was measured in each of the systems studied and the correspond-
ing hydraulic conductivity determined. From these data hydraulic con-
ductivity curves were developed for each soil type as shown in Figure 3.

A sandy soil was assumed in the model developed for the present
study and a silt loam soil was also considered in the sensitivity analy-
sis. The average hydraulic conductivities for the sandy and silt loam
soils studied by Bouma (1975) were utilized to determine the estimated
seepage velocities used in the model. The assumption was made that the
water table was deep enough for the Narcy velocity, g, to be equal to
the hydraulic conductivity, K. Figure 4 was then used to determine the
volumetric water content, 9, from which the seepage velocity may be
obtained.

The assumption that the Darcy velocity equals the hydraulic conduc-
tivity requires that the hydraulic gradient be unity. This is only an
approximation since the gradient is not constant but varies with the

flow rate and hydraulic conductivity of the medium (Bouma, 1975). 1f
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the water table is deep emough, the gradient will be close to unity down
to a specific depth and will then gradually decrease from that depth to
the water table. The assumption can be violated due to seasonally high
or perched water tables or the development of a ground water mound
beneath the leach field.

It is accepted that the estimated seepage veloclties based on the
above assumptions are very approximate. However, it will be shown later
that the results of this study, i.e., the evaluation of sampling plans,
are not very sensitive to the parameters selected for the transport
model.

Four subsurface seepage systems with sandy soils were studied by
Bouma (1975). The average subcrust tension for these systems was 24.2 cm
and the average hydraulic conductivity, K, was calculated as 6.8 cm/day.
These values were assumed for the average tension and average hydraulic
conductivity in the unsaturated zone for the sandy soils considered in
the model. From Figure 4 the value of the volumetric water content, 9,
was taken as 0.10. This results in an average seepage velocity (V = q/6)
of 68 cm/day for the unsaturated zone.

The same type of analysis was followed for determining the seepage

velocity in the saturated zone. From Figure 3, KS = 500 cm/day was

at

selected and 63 = 0.40 was taken from Figure 4. Again assuming that

at
K = q a value for the seepage velocity of 1,250 cm/day is calculated.

This is obviously a much higher value than actually occurs due to the
fact that in the saturated zone the hydraulic gradient will be negligible.
Therefore, the Darcy velocity will be much less than the hydraulic

conductivity. It is accepted that since the water table is essentially

static this is at best a very gross approximation. However, the fact
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that only 20 cm of saturated flow is accounted for in the model makes
the determination of the parameters for saturated flow much less impor-
tant than those for unsaturated flow.

For sensitivity analysis the model was run assuming a silt loam
soil instead of a sandy soil. The seepage velocitles for this case were
determined in the same manner as described above. The average subcrust
tension used for the silt loam soil was 27 cm and the corresponding
hydraulic conductivity was calculated as 0.8 cm/day (Bouma, 1975). From
Figure 4 a value of 8 = 0.43 was chosen. The unsaturated seepage veloc-
ity, in turn, was calculated as 1.9 cm/day. The saturated hydraulic
conductivity from Figure 3 is 25 cm/day. From Figure 4 a value of 6 = 0.55

is given which yields 45.5 cm/day as the saturated seepage velocity.

Calculation of Dispersion Coefficients

The last parameter which needs to be considered for the solution of
equation 4 is the dispersion coefficient, D. Dispersion coefficients
have been shown to be different for the same soill depending « . whether
the flow is saturated or unsaturated (Kirkham and Powers, 1971). An
equation which was developed by Yule and Cardner (1978) for dispersion
coefficients as a function of seepage velocity in unsaturated Plainfield
sand was used to obtain all estimates of D for this study.

Other empirical equations for dispersion coefficients under satu-
rated conditions are available in the literature (Ilach and White, 1958;
Harleman and Rumer, 1963; Hoopes and Harleman, 1965). However, a com-—
parison of the results obtained from these equations and the Yule-
Gardner equation with the results from a field study by Misra and Mishra

(1977) indicates that the Yule-Garudner equation provided more realistic
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dispersion coefficients even for the saturated case. Therefore, this
equation was used for both unsaturated and saturated flow conditioms.
The Yule—-Gardner equation is given as
DL = 0.216V + 0.0032

where D, is the longitudinal dispersion coefficient in cmz/min, and V is
the seepage velocity in cm/min. From this equation a value of 19.3 cmz/day
was determined for the unsaturated -.iud and a value of 275 cmz/day was
determined for the saturated sand. Values for the silt loam were deter-
mined as 5.0 cm2/day and 14.4 cmz/day for the unsaturated and saturated
cases, respectively.

Sensitivity analysis indicated that, in terms of the results sought
in this study, the values selected for the dispersion coefficients are
not extremely critical. This is particularly true for the saturated

case as might be expected given the minimal distance of travel under

saturated conditions considered in the model.

Simulation Model Description

A simulation model based on various random components was used in
conjunction with the mass transport model discussed in the previous
section. The concentrations of septic tank effluent were simulated over
a one-year time period. This simulation was then used as the input to
the mass transport model and the concentration with time was determined
at the sampling point. There were a number of random components to the
simulation so that different results were obtalned on each simulation
run. The output resulting from each simulation was superimposed with a

sampling plan in order to determine the effectiveness of that plan.
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Critical Concentration Values

Two critical values, failure concentration and detection concentra-
tion, were required for the simulation portion of the model. Failure
concentration is defined as the concentration which was superimposed on
the input to the mass transport model to represent a system failure.
Detection concentration is that concentration above which a failure was
assumed to be detected. The detection concentration was set at a smaller
value than the failure concentration since the output of the mass trans-
port model would tend to be damped due to dispersion.

For the purpose of this research, failure and detection concentra-
tions were based on the distribution of ammonium from septic tank efflu-
ent. It is recalled that the nitrogen concentration of septic tank
effluent consists almost entirely of ammonium and organic nitrogen.
Assuming that ammonium is immediately converted to nitrate upon entering
the leach field, determining critical concucatrations on the basis of the
distribution of ammonium from septic tank effluent is tantamount to
determining critical concentrations based on the distribution of nitrate
input to the transport model. It was also assumed that the septic tanks
included in the sample from which the ammonium distribution was deter-
mined were functioning properly. This approach is analagous to the
recommended procedure for establishing effluent standards (Hunter, 1977).
The method involves selecting treatment plants which represent the best
practical control technology currently available and determining the
effluent quality distribution. Standards are then set according to the
probability that a certain value will be exceeded thereby incorporating

the probabilistic nature of the problem.
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This concept is further illustrated in Figure 5. The line labeled
1 represents the true value associated with the pollutant process as
concentrations change with time. [lowever, due to the random variability
associated with the process, any observation at time t will not gener-
ally correspond exactly to u. Instead, the observation will be at some
value, say x, which is equal to the true value 1 plus some random varia-
tion. A normal (Gaussian) curve superimposed on the figure at time t
represents the distribution of all possible observations at that time.
Assuming that this distribution is actually known, it 1s possible to
establish critical values based on the probability of exceedence of
those values.

Critical values of this study (i.e., failure and detection concen-
trations) were based on the assumption that the variables were normally
distributed. Theoretically, the probability of exceedence of a particu-
lar value can always be determined regardless of the underlying distri-
bution if that distribution is known. However, justification for using
a more complicated distribution for the purpose of setting critical
values 1s questionable. Hunter (1977) notes that the use of complicated
distributions, accompanied by long discussions on how to estimate neces-
sary parameters and determine probability statements, cloud the fact
that simplicity often works just as well. He recommends use of the
normal distribution if the data appear to be approximately normal or can
be made so by a simple transformation.

Referring again to Figure 5, for the problem of setting standards
the true concentration, u, is generally considered a constant with time.
For the purpose of determining the required critical values for this

study, this assumption was accepted, thereby reducing the problem to
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Figure 5. Plot of True Level of Pollutant Concentration vs. Time
with an Associated Observation at Time t (Hunter, 1977).
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considering only one distribution as shown in Figure 6. Failure concen-
tration was set at u + 30 which gives a probability of occurrence of
approximately 0.0013. This indicates that there is only a 0.13 percent
chance that a concentration this high actually came from the population
being considered. Therefore, there is justification in the assumption
that such a high concentration did not come from the population gener-
ated when the process is working properly and could reasonably be
considered as an indication of failure in that process.

The use of the u + 30 is a concept of fallure which has been used
in the design of effluent monitoring systems (Hunter, 1977). This con-
cept of failure will be used in this study, even though it is recognized
that other definitions may be more applicable. At this time, information
available for justifying any definition of failure 1s limited.

The other critical value, detection concentration, was determined
in the same way as failure concentration. However, in this case the
restrictions were relaxed somewhat and a value of i + 20 was chosen.
This gives a probability of occurrence of approximately 0.0227. 1If a
concentration this extreme were detected, there would still be strong
justification for assuming that it came from another distribution (inm
this case an indication of failure).

As previously stated the detection and failure concentrations used
in this study were based on the distribution of septic tank effluent
(input concentration into the leach field). From a study conducted by
the SSWMP (1978) in which 108 total observations were taken from 7 septic
tanks, the mean and standard deviation of ammoniur-N concentrations were

reported as 30 mg/% and 15 mg/%, respectively. These values result in a
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Figure 6. Distribution of Possible Observations from a Pollutant
Process from which Critical Values can be Determined.



42—

failure concentration of 75 mg/% nitrate-N and a detection concentration

of 60 mg/2 nitrate-N.

Random Components

The simulation of input to the mass transport model consisted of
several random components. This first random component considered was
the time variation of septic tank effluent concentration. No data were
available on the distribution of effluent concentrations with time.
Therefore, the nitrate-N concentration inputs to the model were deter-
mined as random deviates from a truncated normal distribution (0 mg/%
was taken as a lower limit). The mean and standard deviation used were
30 mg/% and 15 mg/%, respectively, given previously as the mean and
standard deviation of ammonium-N concentration. The assumption that
complete nitrification of the ammonium occurs within a few centimeters
of the crusted layer, as discussed previously, was followed. A random
deviate was taken from the parent distribution at three-day intervals so
that the resulting concentration distribution with time was a step
function as shown in Figure 7.

The other random components of each simulation were temporary
system overloads and one permanent system failure which were superim-
posed on the input concentration. A more complete discussion of system
failure is given later. However, for the purposes of the present dis-
cussion a temporary system overload is defined as a shourt term increase
in Input concentration beyond an acceptable level followed by a return
to normal operating conditions. A system failure is an increase in
concentration beyond an acceptable level which does not return to normal

operating conditions. The conceniration for both the temporary overload
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and system failure was taken as the fallure concentration so that the
only difference is the permanence of the system failure.

A random number, from 1 to 50, of temporary system overloads were
superimposed on each simulation of input concentrations. The beginning
of each temporary overload was determined randomly on the interval (O,
365) days. The duration of cach overlad was also random on the interval
(0,3) days. Fach simulation was operated over a one-year period during
which time a system failure was superimposed on the process at a random
time between 0 and 365 days. Once the system failure occurred operation
continued under those conditions for the duration of that simulation
run.

The beginning of each temporary overload, the duration of each
overload, and the beginning of the system failure were all determined
randomly on continuous intervals. Therefore, the final distribution of
input concentration with time used in each simulation no longer varied
on a three-day basis. TInstead, the input comnsisted of a background con-
centration varying on a three-day basis superimposed with system over-
loads at random times.

Sensitivity analysis was conducted on all the random components of
the model. A complete description of the changes considered is presented

along with the results of those changes in Chapter 4.

Sampling Plans

The concentrations of each input simulation were run through the
mass transport model resulting in a simulation of the concentration
variability with time at the sampling point. A sampling plan was then

superimposed on this output in order to determine the effectiveness of
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that plan in detecting system failure. Three different sampling plans

were evaluated.

Plan I -~ Samples were taken at equally spaced intervals at
frequencies of 1, 3, 5, 10, 15, and 20 samplcs per
yvear. If a concentration above the detection limit
was found, system failure was assumed and sampling
was terminated.

Plan II -~ Primary samples were taken at the frequencies given
in Plan I. However, 1f a concentration above the
detection limit was found, the primary sample was
followed by one secondary sample one week later. If
both the primary and secondary samples were above
the detection limit, system failure was assumed and
sampling was terminated.

Plan IIT -- Primary samples were taken at the frequencies given
in Plan 1. However, if a concentration above the
detection limit was found, the primary sample was
followed by two secondary samples 3 days and 6 days
later. If all three samples were above the detec-
tion limit, system failure was assumed and sampling
was termimated.

Sampling frequencies were approximately equally spaced over the
one-year time period considered in each simulation. For example, for a
frequency of one sample per year the primary sample was taken at day 182
and for a frequency of 2 samples per year the primary samples were taken
at day 121 and 242. For each sampling plan and sampling frequency, the
percent failure detectlon, percent temporary overload detection, percent
no detection, and average time from failure to detection were determined.

From the description of the various sampling plans considered, it
is obvious that the primary objective of plans II and III is to avoid
classifying a detection as a system failure when it is actually a tempo-
rary overload. It is important to note that the procedures used to
develop monitoring strategies are necessarily very closely related to

the monitoring objectives. For example, 1f the purpose of the inspection

monitoring program were the detection of temporary failures, a different
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approach would be required. This type of problem would be similar to
developing a monitoring program for the detection of pollution spills in
streams as investigated by Vanderholm (1972). He determined that ex-
tremely high sampling frequencies were necessary to detect a failure of
this temporary nature.

It 1s reasonable to assume that the same conclusion would be found
in a ground water situation and the results presented in Chapter 4 imply
such a conclusion. The cost involved in a monitoring program of this

type would be prohibitive for a community management organization.

Simulation Example

Figure 8a shows a typical simulation of the input concentrations.
This particular simulation resulted in two temporary system overloads.
The first overload occurred at 1.7 days and had a duration of 1.8 days
while the second overload occurred at 13.5 days and had a duration of
1.3 days. At the completion of a temporary overload, a random concen-
tration is selected for the remainder of that day. Then, the three-~day
variation is resumed until the next overlcad. For the example shown, at
day 17 the system failed and that concentration remained throughout the
rest of the simulation period.

Figure 8b shows the distribution of the concentration at the
sampling depth which resulted from the input distribution given in
Figure 8a. The concentration was calculated from equation 4 at the
beginning of each day. The detection concentration, i.e., the concen-
tration above which failure was assumed to have occurred, is also
indicated in the figure.

As can be readily seen from l'igure 8b, any sample taken after day

23 would have correctly indicated system failure. However, a sample
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following plan I on day 5, 6, or 17 would also have indicated system
failure. Sampling plans II and III would not have resulted in the false

indications of system failure regardless of when the sample was taken.

Number of Simulation Runs

In designing a simulation study it is necessary to decide how many
times to sample the system behavior, i.e., how many times to rum the
simulation. For this study the number of simulation runs were chosen to
give the estimated percent failure detection to an accuracy of + 5
percent at a 90 percent confidence level. The equation used for this

determination was (Benjamin and Cornell, 1970):

a2 .
n > Zog2 (-9 (5)
¥

where n is the number of simulation runs necessary to insure that the
(1 - o) 100 percent confidence limits are within yl00 percent of the
true value of p, the percent failure detection. For the above equation
Za/2 is that value which a standardized normal random variable exceeds
with a probability of a/2 and for this study p is the estimated value of
the percent failure detection.

A sequential procedure was used where an estimate of p was deter-
mined from the first set of simulation rums. From this first estimate a
value of n was calculated and additional runs were made in order to
satisfy this value of n. A new estimate of p was determined and equa-
tion 5 was recalculated. Additional runs were made if necessary. This
process was repeated until enough runs had been made to satisfy the
equation given the current p.

The use of equation 5 requires the assumption of normality. The

distribution being sampled is actually binominal since for each simulation,



_49_

system failure was either detected or it was not. However, for large
enough values of np the distribution is approximately normal. Therefore,
the criterion is satisfied.

A complete listing of the computer program combining input simula-
tion and mass transport is given in the appendix. A flow chart is shown
in Figure 9 which briefly describes the operation of the model and the

superposition of sampling plans on the model output.
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Figure 9. Flow Chart Describing (; cration of the Model.



CHAPTER 4

INSPECTION MONITORING

As indicated in Chapter 3 the results obtained from the model were
used to evaluate the effectiveness of various sampling strategies in
detecting failure of individual on-site systems. This type of monitor-
ing has been referred to as inspection monitoring to distinguish it from
trend monitoring which will be discussed in the following chapter. The
results of the model are presented and discussed in this chapter along

with ramifications of assumptions made.

Presentation of Model Results

For each sampling plan considered four quantities were determined:
the percent of failure detection, percent temporary overload detection,
percent no detection, and average time from failure to detection. The
percent failure detection serves as a crude estimate of the effective-—
ness of a sampling plan. However, 1t should be noted that given a
continuous system failure as defined in this study, any sampling plan
will eventually detect either a system fallure or a temporary system
overload. Each simulation was run over a one-year period; therefore,
the percent failure detection can provide an evaluation of the sampling
plans only over that limited time period.

Table 1 through Table 3 indicate the results of varilous sampling
plans. A minimum confidence level of 90 percent was used as a criterion
for the number of simulation runs. However, in many cases more simula-
tion runs were made than necessary so that this level was exceeded. The

actual conlidence level attained is reported.



%
Primary Sanmples Number of = Confidence Percent Percent Temporary Percent No Averzee Time From
(per year Simulation Runs' Levels (%) Failure Overload Detection | Detection Faillure zo Detection
Detection (cavs)
1 270 90.0 49.5 6.1 44 4 86.4
3 252 91.5 69.0 14.6 1€.4 51.5
5 326 94.0 65.4 19.3 15.3 34.5
10 269 90.1 55.8 39.4 4.8 18.6
15 270 90.0 48.1 51.5 0.4 14.3 !
w
20 275 90.6 42.9 56.0 1.1 1.9 ‘ v
|
-

Table 1. Results of Simulation for Plan I - Primary Sarples at the Indicated Frequencies with No Seconcar:

Sarples

*
Confidence level such that the confidence interval for failure detection is + 57%.



Primary Sanples Number of *Confidence Percent Percent Temporary Percent No Average Time From
(per year) Simulation Runs! levels (7) Failure Overload Detection Detection Failure to Detection
Detection N (davs)
1 275 9C.3 48.0 1.1 [ 50.9 100.4
‘ 3 205 50.1 75.0 4.0 21.0 54.5
% 5 200 81.2 79.5 5.0 15.5 38.9
é 16 150 90.0 83.3 4.7 12.0 26.2
i 15 178 91.1 80.9 0.7 8.4 22.8
i 20 160 90.5 82.7 12.0 5.3 1€.5
i
Table 2. Results of Simulation for Plan II - Primary Samples at the Indicated Frequencles Followed by One

Secondary Sample

*
Confidence level such that the confidence interval for failure detection is + 57Z.

_Eg_



Primary Sanmples Number of *Confidence Percent Percent Temporary i Percent No l Average Time From
(per year) Simulation Runs| Levels (%) Faiiure Overload Detection Detection Fgilure to Detection
Detection | ' fdave,
1 270 50.0 47.2 0.0 i 52.8 i 23.1 !
3 215 9G.1 73.1 1.0 ‘ 25.9 58.3 5
5 150 94.0 88.0 0.0 12.0 | 3542 !
| 10 137 96.C °o1.1 C.8 l 8.1 25.1 |
'{ 15 100 83.4 | 92.0 3.0 50 | 15.9 I
20 100 94.9 93.0 1.0 : 6.0 l 17.3 |

Table 3. Results of Simulation for Plan III - Primarv Samples at the Indicated Frequencies Followed by Two
Secondary Samples

*
Confidence level such that the confidence interval for failure detection is + 57.

-.07(3_
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As shown in Tables 1, 2, and 3 and in Figure 10, sampling plan III
is the most effective in detecting system failure. With this plan a
sampling frequency of at least 7 samples per year is necessary to detect
a system failure 90 percent of the time on the average. Figure 10 also
indicates that an increase in sampling frequency beyond this point would
not be very beneficial in terms of increased failure detection.

It is also noted that sampling plan I reaches a maximum percent
failure detection at a frequency of 3 or 4 samples per year and higher
frequencies actually reduce the effectiveness. The reason for this
apparent anomaly is that higher frequencles tend to begin detecting an
increasing number of temporary system overloads as indicated in Figure 11.

The percent temporary overload detection is perhaps a more descrip-~
tive quantity than the percent fallure detection. The temporary overload
detection provides a measure of the error associlated with the sampling
plan. This error is analagous to the Type T error from basic statis-
tics, i.e., an acceptable process has been declared unacceptable. 1In
establishing monitoring guidelines, it is desirable to keep the proba-
bility of this type of error as small as possible. It was, in fact,
this rationale which led to considering sampling plans in which the
primary samples were followed by secondary samples so that a suspected
system failure could be confirmed.

Given the randomized inputs used in this model, it is obvious from
Figure 11 that sampling plan I serves rather poorly with regard to
ninimizing the type of error described above. Sampling plan II provides
a drastic improvement but still may not be effective enough if the higher
sampling frequencies are required. Sampling plan IIT, however, results

in very low temporary overload detection even at high sampling fregencies.
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Figure 12 represents the probability of no detection at all. As
with the probability of failure detection, this is to some extent charac-
teristic of the time frame selected for the model. Given a long enough
period of time, any of the sampling plans will detect either a system
failure or a temporary overload. For equal sampling frequencies
Figure 12 shows that sampling plan I results in a samller percentage of
no detection than either plans II or III. However, this is a result of
plan I detecting more temporary overloads and, therefore, is not an
indication of superiority of plan I.

Another factor considered in the evaluation of various sampling
strategies was the average time after a system had failed until the
sampling detected that failure. This quantity was only determined for
the cases where a system failure was actually detected. Therefore,
these results must be considered in conjunction with the results already
presented in order to make valld interpretations. From Figure 13 it can
be seen that sampling plans II and III lag behind plan I by about 6 or
7 days. This should be expected since sampling plans II and III required
secondary samples to be taken and confirmation of system failure could
only occur 6 or 7 days after a failure was initially detected.

The results shown in Figures 10 through 13 indicate that sampling
plan I would be inadequate in detecting a system failure given the
characteristics of the particular system that was modeled. Sampling
plan II provides a significant improvement over plan I and may be
suitable in some cases. However, if it is necessary to use higher
frequencies in order to decrease the average time from failure to
detection, it may be advantageous to use sampling plan III. From

Figure 11 it can be seen that 20 samples per year results in an average
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temporary overload detection of approximately 10 percent for plan II
while for plan III the temporary overload detection is negligible.

Sampling plan III requires more samples, and consequently, would be
more costly. The choice between plan IT and plan 171 would be dependent
on the value a management agency is willing to accept as the probability
of making an error by classifying a detection as a failure when it is
actually a temporary overload.

It was previously stated that the results presented here imply that
sampling for temporary failures would require a frequency that would be
too high to be feasible for a management organization. This conclusion
is supported by the results shown in Figure 11. Failures of a limited
duration would correspond to the temporary overloads used in this model.
For detection of this type of failure there would be no need for second-
ary samples. Therefore, the results given for sampling plan I are
indicative of the type of results which would be anticipated for a
monitoring program set up to detect temporary failures. Figure 11 shows
that unreasonably high sampling frequencies would be required in order

to obtain an acceptable probability of detection.

Sensitivity Analysis

In order to establish the effectiveness of various sampling plans
under different conditions, a sensitivity analysis was conducted. The
effect of varying the parameters in the transport model were first
studied. Changes in these parameters are equivalent to physical changes
in the leach field. Two factors were considered--depth to ground water
and soil type. The sensitivity analysis for these two factors was
conducted on sampling plan III with a sampling frequency of 10 primary

samples per year.
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The effect of considering different input randomizations was also
studied. The interval from which a random number of temporary system
overloads was selected as well as the interval from which a random
duration of each overload was selected were both changed. Results of
these changes are given for all three sampling plans and for a frequency

of 10 primary samples per year.

Transport Model Parameters

As indicated 1In Table 4, varying the depth to ground water had very
little effect on the sampling plan. The ground water depth for the
initial investigations (Figures 10 through 13) was set at 150 cm.
Sampling plan IIT with 10 primary samples per year was tested at ground
water depths of 90 cm and 250 cm. Recalling that the confidence inter-
val for the percent failure detection is + 5 percent, Table 4 indicates
that there is no justification for assuming any difference in the effec-
tiveness of this sampling plan at the ground water depths shown.

These results should be anticipated in view of the fact that the
probability of detection is a function of the length of time a pollution
event is in contact with the sampling point. For a given pollution
event this time should not change as a result of an increase or decrease
in the ground water depth, with the exception of the change that is
brought about by dispersion. Apparently, dispersion was not significant
enough to alter the effectiveness of the sampling plan.

These results are based on the assumption that the sampling point
is located 20 cm below the water table regardless of the ground water
depth. If the sampling point were located at a constant depth, it is
reasonable to assume that a change in the water table could have a pro-

nounced effect on the sampling plan depending on the extent of the



~ |

Cround Vater Nurber of i Conficdence | Percent ' Percent Tempcrary Percent No | Average Time Froz
Cepth (cm) ipuiation Runs | Llevels (%) | TFailure Overloaé Detection  Detection | Failure tc Detection
| Detection (davs) .
' l
150 137 %60 TR 0.8 8.1 25.1 !
' 1 b 1
92 | 149 | 98.5 ! 93.3 l 0.0 ' 6.7 25.1 |
| { ]
250 120 o %a ' 90.8 1.7 7.5 ‘ 26.5
: i
i

Table 4. Results of Chznging the Depth to Groundwater for Sampling Plan IIT with 10 Primary Samples per Year.
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ground water flow and the dilution which would occur. However, the
intent of this study was to design a monitoring program which would
intercept a pollution event at maximum concentration before dilution had
taken place. The particular ground water flow conditions at an indi-
vidual site could then be taken into account to predict the ultimate
impact on the aquifer. The physical problems associated with collecting
samples at varying depths as the water table fluctuates is discussed
later in this chapter.

The results shown in Table 4 indicate that there 1s very little
difference in the average time from failure to detection as a consequence
of changing the ground water dept!. However, it should be noted that
these results are based on the parameter values of a sandy soil. This
would not be expected to be the case for a fine-textured soil with
decreased seepage velocity.

Although these results indicate that the sampling plans are not
affected by a change in ground water depths, this must be viewed in
light of the fact that the sampling plans are based on detection of
nitrates. It is imperative to maintain a suitable depth of unsaturated
flow conditions for the removal of bacteria and viruses. Considering
this point, it is suggested that one of the primary efforts of a manage-
ment agency should be the monitoring of ground water depth.

The other change in the physical conditions of the leach field
which was considered was the soil type. The soll type is defined in
the transport model by the seepage velocity and dispersion coefficient.
Therefore, a change in the type of soil assumed in the model was
effected by changing the values of these parameters. The values selected

were given in the preceding chapter. Initially, a sandy soil was assumed
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in the model. A silt loam soil was considered for the sensitivity
analysis.

A unique problem was encountered in evaluating the effect of
changing the soil type. As previously discussed, the results of the
model are to some extent dependent on the time frame selected for the
simulation runs. This became particularly evident in considering a fine
textured soil, such as the silt loam soil used in the sensitivity analy-
sis. Due to the much smaller seepage velocities which are representa-
tive of this type of soil, the lag time from the introduction of a slug
of wastewater until that slug appeared at the sampling point was dra-
matically increased. Neglecting dispersion, a lag time of 79.4 days was
calculated for the silt loam soil and 2.2 days for the sandy soil.

Based on these calculations, a system failure which occurs any time
after 287.6 days for the silt loam soil could not be detected within the
one-year simulation period assumed in the model regardless of which
sampling plan was used. However, a sampling program which extends
beyond the one-year period would certainly detect this failure.

In order to circumvent this problem, the percent detections were
calculated on a relative basis. This eliminates the bias toward the
sandy soil, which is introduced by virtue of the time frame selected,
and allows comparison of the sampling plans in the two types of soils.
Given the lag times of 79.4 days and 2.2 days for the silt loam soil and
the sandy so0il, a maximum possible detection of 78.3 percent is calcu-
lated for the silt loam and 99.4 percent for the sandy soil. The rela-
tive percent failure detection was determined by dividing the percent
failure detection (given in the model results) by the maximum possible

detection.
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Table 5 indicates that when considered on the basis of relative
percent detection, the soil type makes very little difference in the
effectiveness of the sampling plan. This follows from the same reason-
ing that was used 1n evaluating changes in the ground water depth. The
increase in the probability of detecting a pollution event in a silt
loam as opposed to a sandy soil should correspond to the increased time
for a pollution slug to be in contact with the sampling point.

Considering this, one should anticipate that the probability of
detecting a temporary system overload would be slightly greater in the
silt loam soil as a result of slower velocities. From the results shown
in Table 5 it can be seen that sampling plan ITI 1s still very effective
in eliminating error as indicated by the low value for percent temporary
overload detection. Apparently, the increased time for a pollution
event to be in contact with the sampling point was not long enough to
cause a significant increase in the probability of detecting a temporary
system overload for this sampling plan.

The method used to present the results on a more comparative basis
1s obviously still somewhat biased since it allows the silt loam soil to
be evaluated on a reduced time scale. However, the fact that no tempo-~
rary overloads were detected during any of the simulation runs attests
to the effectiveness of the sampling plan even if the reduced time scale
is considered. This seems to indicate that the percent temporary over-
load detection would still be very low even if the sampling plans were
subject to the full one-year time period.

Due to the increased lag time for a pollution event to reach the
sampling point in a fine-textured soil, the average time from faillure to

detection is increased rather dramatically as shown in Table 5. This



| Soil Type { Numbter of t Coniidence 1 Percernt | Percent Temporary | Percent XNo |  Average Time Froc
| simelation Runs; Levels (%) Failure EOverload Detection! Detection | Failure to Letection
f | ' Detection I (cavs)
‘ i ]
i
coarse | & |
| sand 137 96.0 I91.1 (91.6) 0.8 ! 8.1 (7.6) 25.1
| | |
‘gilt lzam 230 ! 9C.0 69.9 (°1.9) 6.0 306.4 (8.1) 117.5
|

Table 5.

Results of Changing Soil Type for Sampling Plan III with

*
Numbers in parentheses refer to relative percent detections based
99.4% andé 75.7% for coarse sand and silt loam, respectively. The

adjusted

accordingly.

10 Primary Samples per .ear.

on a maximum failure detection cf
values for percent no detection

_£9_



—-68-

increased time is unavoidable. However, it should be noted that this
time refers to the period from the occurrence of a pollution event at
the input to the detection of that event at some point in the soil.
This implies that the failure occurs before the wastewater enters the
leach field. 1If the failure actually occurs at some point in the leach
field itself, this particular analysis does not apply.

The results obtained trom changing the physical parameters of the
system indicate that these changes have a minimal effect on the effi-
ciency of sampling plan III. No attempt has been made to extrapolate
these results to other sampling plans and it is anticipated that plan I
may be affected more by such changes. Sampling plan I does not require
secondary samples to confirm system failure. Therefore, it would be
expected that the increased contact time of a pollution event with the
sampling point would have a much more pronounced effect on increasing
the probability of detecting temporary overloads for plan I than for the
other plans. Consequently, sampling plan I, which served poorly for the

sandy soill, would be even less efficient in a fine~textured soil.

Input Randomizations

In the evaluation of sampling strategles, the effect of the input
to the leach field was shown to be more important than the physical
characteristics of the leach field. This factor was evaluated by con-
sidering different randomizations of the input to the model.

The first change, shown in Table 6, was an increase in the duration
of a temporary system overload. Initially, the model was run such that
the duration of each temporary overload was selected randomly from the
interval (0,3) days. This interval was increased to (3,7) days for the

sensitivity analysis. A duration selected randomly from the interval
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(3,7) was assumed to be an extreme condition. It was felt that tempo-
rary overloads of durations longer than this would be an indicatiom of
such poor operation that system failure could be assumed even though
continuous operation under failed conditions did not exist.

Table 6 shows the effect of this change for all three sampling
plans. Results indicate a dramatic Increase in the percent temporary
overload detection with a corresponding decrease in the percent failure
detection. Sampling plan ITI is still the most effective of the three.
However, even this sampling plan resulted in a temporary overload detec-
tion of 26.7 percent. Obviously, the increase in the number of tempo-
rary overloads detected is a result of the longer duration of these
overloads. An increase in the time between the primary and secondary
samples would have undoubtedly improved the effectiveness of sampling
plans II and III.

The second change considered was with regard to the number of
temporary system overloads. In the initial evaluation of sampling plans
the number of temporary overloads for each simulation was selected
randomly from the interval (1,50). The upper end of this interval was
considered the extreme and a system which exceeded this number of
temporary overloads would be operating so poorly that failure could be
assumed even though the system would not be continuously failing.
Therefore, for the purpose of sensitivity analysis, the number of tempo-
rary overloads was selected randomly from the reduced interval of (1,10).

The results are shown in Table 7. As anticipated, a significant
improvement was found in sampling plan I. A slight improvement was
shown for plan IT and no improvement was indicated for plan III.

However, reference to the percent temporary overload detection for
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sampling plan III reveals that this plan is already operating at peak
effectiveness. Therefore, a decrease in the number of temporary system
overloads simply has no effect on this particular plan.

The final change considered in the sensitilvity analysis was a
combination of the above two. The interval from which the number of
temporary overloads was randomly selected was decreased from (1,50) to
(1,10) and the interval from which the duration of each overload was
selected was changed from (0,3) days to (3,7) days. The results, shown
in Table 8, indicated that these two changes tend to counteract each
other and very little difference in the effectiveness of the sampling

plans shows up as a consequence of these alterations.

Sensitivity Analysis Discussion

The results of the sensitivity analysils suggest that in developing
monitoring strategies the physical parameters of the system are rela-
tively unimportant. The same information may be obtained from a par-
ticular sampling plan regardless of the type of soil or the depth to the
ground water (assuming that the sample is taken at the location speci-
fied in the model). However, the type of failure and the variability
assoclated with that faillure are of extreme importance.

Some assumptions were made which were not evaluated in the sensi-
tivity analysis. The soil system was assumed to be homogenous and the
effluent was assumed to be uniformly distributed over the leach field.
The effect of violation of these assumptions on the sampling program is
difficult to ascertain. On the basis of the results obtained in the
sensitivity analysis of two different soll types, 1t would appear that
nonhomogeneity would have a very limited effect on the final outcome of

a sampling program. This also assumes that the nonhomogeneity does not
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severely alter the flow path to the extent that the bulk of the contami-
nation bypasses the sampling point.

The assumption of uniform distribution of the effluent over the
leach field is critical and violation of this assumption could have a
very definite effect on the results obtained from the sampling program.
The model 1s set up to describe flow as if it were in a column and the
results are extrapolated to field conditions. Obviously, deviation from
uniform effluent distribution could result in nonrepresentative samples.
However, the 1lmportance of uniform distribution extends beyond the
application of a sampling program. It is essential to the prevention of
localized overloading and short-circuiting of the effluent.

The failure considered in this discussion has been defined as
continuous operation of a system under unsatisfactory conditions of high
nitrogen concentrations. Several factors in this definition are critical
and, if altered, would possibly indicate the need for a cliange in the
monitoring strategy.

As previously discussed, the continuous nature of the failure
necessitated the development of sampling plans which would distinguish
between such a failure and a temporary overload. Monitoring strategies
to detect system fallures of a temporary nature would require sampling
frequencies in excess of that which could reasonably be taken by a
management agency.

It was proposed in Chapter 2 that the sampling program would be
developed on the basis of detection of nitrates. It is again emphasized
here that this 1s not intended to imply that only nitrates should be
monitored. Sampling programs should include analysis for bacteria and

in some cases other variables such as viruses and phosphorus. The
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specific variables which need to be monitored will be dictated by local
conditions and considerations.

Failure has been specified as an unacceptably high nitrogen concen-
tration. The possible causes of this faillure have not been delineated.
However, the location of this faillure within the model has been restricted
to some point before entry of the wastewater into the soil. In the case
of excessively high nitrogen concentrations this seems to be a logical
assumption since there is no reason for an increase in the nitrogen
concentration in the soil.

Thi- type of analysils would appear to justify an argument for
sampling at the effluent point of the septic tank rather than beneath
the leach field. However, recalling that other variables will also be
monitored and consideration of the leach field as a part of the treat-
ment system invalidates this approach. Also, it should be realized that
with regard to sampling for nitrates, the worst possible condition
(i.e., complete nitrification with no denitrification) was assumed in
the model. This might not be the case at a particular location and
sampling beneath the leach field will provide site specific information
as to the actual concentrations which are being introduced into the
aquifer. Hence, the effectiveness of the entire treatment system is

being monitored.

Application of Results
The results given in this chapter provide a comparison of three
different sampling plans and several sampling frequencies. These
results are meaningful for the type of failure specified and for the
various conditions set forth in the model. They can be used by a wmanage-

ment agency to determine the effectiveness of various sampling plans and
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the increase in sampling precision which can be expected with an increase
in frequency of sampling. Information of this type can provide a basis
on which management can determine the allocation of available resources.
It is important to realize that the results obtained from an inspec—
tion monitoring program alone will not necessarily provide enough infor-
mation for management decisions. However, the information gained from
such a monitoring effort can be used in conjunction with other data,
such as septic tank density and ground water flow rate for a particular
area, to determine action which should be taken by a management organi-
zation.
In particular, it is suggested that monitoring results be combined
with mass balance calculations to determine the effect the pollution
load from a system will have on the aquifer. Assuming steady state

conditions the concentration in the ground water can be expressed as

Cg = Qi Ci * Qe Ce (6)
Qi + Qe
where Cg = concentration of the ground water after mixing with

the effluent
C, = concentration of the ground water before mixing
Q. = rate of flow of ground water

C = concentration of the effluent determined at the water
table (results from inspection monitoring)

Qe = rate of flow of effluent into the ground water.
Mass balance calculations can be used to determine either a limit
on the number of systems to be allowed in a given area or the number of

systeuis which can be allowed before requiring conversion to innovative

systems which are more efficient in nitrogen removal.
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The results presented in this chapter indicate that in order to
establish an efficient inspection monitoring program, it will be neces-
sary to accurately quantify the input distribution of an individual sys-
tem. With the input specified, sampling plans can be accurately evalu-
ated. In the initial stages of a monitoring program it will be necessary
to estimate this input and the probability of failure of individual
systems and allocate samples accordingly. As the data base increases,
the validity of assumptions made can be checked and the sampling plan
modified if necessary. Through such an iterative procedure a very effec-

tive monitoring program can eventually be established.

Physical Aspects of Inspection Monitoring

Throughout the analysis of all the results in this study it is, of
course, assumed that adequate sampling procedures are followed so that
representativ. samples are obtained. This requires adequate design and
installation of monitoring wells and correct sampling methods. These
topics have been discussed in depth by Diefendorf and Ausburn (1977).
Since the same methods apply to trend monitoring, a detailed discussion
is postponed until the next chapter.

To meet the requirement of sampling just beneath the water table,
either a cluster of wells installed at various depths or a ground water
profile sampler as developed by Hansen and Harris (1974) can be used.
This particular sampler consists of a well point filled with sand and
divided into sections with petitions made of caulking. A sampling probe
is located within each section and tubing extends from each probe to the
ground surface. A complete description of the construction of a profile

sampler is given in the above reference.
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One advantage of using a cluster of wells is that they can be
located at various points in the leach field to give more extensive
areal coverage. The number of wells necessary at each site (or the
number of probes necessary in a profile sampler) will depend on the

extent of water table fluctuation at that site.



CHAPTER 5

TREND MONITORING

Adequate management of ground water quality requires more extensilve
results than those which can be obtained from an inspection monitoring
program alone. A complete description of ground water quality will also
require trend monitoring which will be necessary to indicate over an
extended period of time the collective effect of all the systems within
the management jurisdiction. Although trend monitoring has historically
referred to that monitoring which measures the effects of pollution
input to a water resource with respect to time, these effects are impor-
tant over the entire aquifer. Therefore, for purposes of this discus-
sion, both temporal and spatial considerations will be incorporated into
trend monitoring.

The primary comstraint iu establishing a trend monitoring program
is the lack of data. Ground water qu ty data which has been collected
in the past has been for very specific ground water related problems.
Routine data collection over a time period which is extensive enough to
be very useful in developing monitoring strategies has been virtually
nonexistent. Consequently, the discussion provided herein is limited to
a theoretical discussion of the types of analyses which can be applied
to the ground water trend monitoring problem. As more data (e.g., data
covering many variables and stations over a long period of time) becomes
available these procedures can be refined to better match the statistical

characteristics inherent in that data.



-80-

Previous Studies

An extensive amount of work has been done in the development of
general ground water monitoring guidelines. LeGrand (1968) has dis-
cussed ground water quality monitoring approaches based on a concep-
tional model. A series of reports have been published concerning various
aspects of ground water monitoring (Todd et al., 1976; Everitt et al.,
1976; Hampton, 1976; Crouch et al., 1976; Tinlin, 1976). These reports
thoroughly discuss several topics of concern in ground water monitoring
including economic analyses, data management, and sampling methods.
However, a discussion of the statistics involved in developing a moni-
toring program, which is the primary objective of this study, has not
been included.

The basic report in this series is Monitoring Groundwater Quality:

Monitoring Methodology (Todd et al., 1976) which proposes fifteen steps

toward developing a ground water monitoring strategy to be followed in
chionological order. Since the procedure was designed to accommodate
the monitoring of any type of pollution, it 1s necessarily very general.
The purpose of the following is to list the steps of the procedure and
briefly discuss them in relation to ground water monitoring strategies
to support community management of on-site systems.

The steps included in the procedure are as follows:

Step 1 -- Select Area of Basin for Monitoriug

Step 2 -- Identify Pollution Sources, Causes, and Methods of Waste
Disposal

Step 3 -- Identify Potential Pollutants
Step 4 -~ Define Ground Water Usage
Step 5 -- Define Hydrogeologic Situation

Step 6 ~- Study Existing Ground Water Quality
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Step 7 ~- Evaluate Infiltration Potential for Wastes at the
Land Surface

Step 8 —- Evaluate Mobility of Pollutants from the land Surface to
the Water Table

Step 9 -- Evaluate Attenuation of Pollutants in the Saturated Zone

Step 10 -- Prioritize Sources and Causes

Step 11 ~-- Evaluate Existing Monitoring Programs

Step 12 -- Establish Alternative Monitoring Approaches

Step 13 -- Select and Implement the Monitoring Program

Step 14 -- Review and Interpret Monitoring Results

Step 15 -- Summarize and Transmit Monitoring Information

Several of these steps will be applicable to both trend monitoring
and inspection monitoring. Therefore, discussion of these steps will
further serve to establish the relationship between these two types of
monitoring.

The first three steps listed above identify the purpose of a
particular monitoring program. For community management of on-site
systems, this will be defined at the outset since these steps will
coincide with the formulations of the objectives of a management agency.
However, some considerations regarding these points should not be over-
looked.

The area to be monitored will be specified as the jurisdiction of
the management agency. However, it might also be necessary to divide
the jurisdiction into smaller areas based on physiographic considera-
tions. For example, it is conceivable that the management jurisdiction
could cover several ground water basins. If this is the case, i1t would
be desirable to consider each basin separately. If a single basin is

large enough, it could be advantageous to divide it into smaller units
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for administrative convenience as well as statistical considerations to
be discussed later. For management agencles with large areas under
their jurisdiction it might also be necessary to jrioritize areas for
monitoring in order to operate within the budgetary limits that will
most certainly exist.

Since the purpose of the agency will be management of on-site
disposal systems, the primary pollution source and method of disposal
have already been identified. However, in considering trend monitoring,
it 1s important to realize that many other sources in the area may be
contributing to the pollution load on the aquifer. Therefore, it will
be of extreme importance to identify these sources. This points to the
necessity of including both trend monitoring and inspection monitoring
for effective overall management. Todd et al. (1976) discusses types of
pollution which may be expected from municipal, agricultural, and other
sources.

The potential pollutants from on-site systems have already been
identified in considering inspection monitoring. Monitoring for bacteria
and nitrates will be necessary for all situations. For trend monitoring,
chlorides will be valuable as an indication of the extent of pollution.
Site specific situations may warrant including other variables such as
phosphorus or viruses. Also, if other pollution sources are suspected,
it might be necessary to isolate a variable which is characteristic of
on~site systems but not typically found in the other wastes.

Step 4 through Step 10 will provide an accurate description of the
physical setting in which the monitoring program will operate. Given
the budgetary constraints which will be imposed on the implementation of

monitoring strategies, the ground water usage becomes a key factor in
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prioritizing monitoring needs. For example, if the major use of the
ground water in a particular area is for drinking purposes, more inten-
sive monitoring will be called for than if the major use is irrigation.

Defining the hydrogeologic situation will help to quantify the
pollution potential for a particular area, as will the evaluation of
infiltration potential; mobility, and attenuation of pollutants. These
steps will all serve to establish priorities regarding which areas
should be more heavily monitored.

Other methods for evaluating the potential for pollution can be
incorporated as well. LeGrand (1964) developed an empirical method for
determining pollution potential at a given site using a point-count
system. Five factors influencing pollution are included in the method:
depth to water table, water table gradient, distance from source, and
two factors based on soll type--sorption and permeability. A value is
associated with each factor and the points are summed. The total points
are assoclated with the possibility for pollution. The method is based
on results obtained from field studies. Although the approach is crude,
it provides a valuable means of establishing monitoring priorities par-
ticularly in areas where data are limited. Defining the hydrogeologic
situation only serves as a tool in developing monitoring guidelines and
should not become an end in itself and thus an obstacle in the attain-
ment of the overall objectives.

Most of the procedures listed in Steps 4 through 10 will have been
performed for various sites throughout the basin as a result of inspec-
tion monitoring efforts. However, for trend monitoring general overall
aquifer characteristics will be important as well as site specific

observations.
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The remaining steps relate to the actual implementation of a moni-
toring program. Although this study primarily focuses on the technical
aspects of monitoring, the implementation of a monitoring program and
the final use of the information obtained to maintain or improve water
quality cannot be overemphasized. Thig will involve coordination with
other monitoring programs which may exist for a particular area so that
overlapping functions are avoided. Review and interpretation of the
results by competent personnel will be required so that accurate deci-
sions can be made regarding quality trends, new pollution problems,
areas of improvement, and effectiveness of pollution control measures.

Although the procedure outlined by Todd et al. (1976) provides a
very straight forward and logical approach to developing any ground
water monitoring program, one essential element has been omitted. The
statistics involved in the design have not been included. 1In order to
develop monitoring programs so that the results can be obtained with a
specified degree of confidence, it 1s necessary to Incorporate statistics
in the design.

Numerous studies exist on the application of statistics to the
design of surface water monitoring networks. However, to date, only one
source (Nightingale and Bianchi, 1979) has been located which considers
the use of statistics in developing ground water monitoring programs.
This investigation assumed complete independence of all observations and
included no discussion of the ramifications of this assumption. It is
the purpose of the remaining sections of this chapter to present a more
complete evaluation of the statistics involved in developing ground

water monitoring strategies.
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Determination of Number of Samples Required

The primary statistical requirement of designing a ground water
monitoring system is the establishment of the number of samples required
in the context of both space and time. It has been suggested in previous
reports (Ward et al., 1976; Sherwani and Moreau, 1975; Nightingale and
Bianchi, 1979) that the number of samples required should be based on a
specified confidence interval about the mean of the variable under
consideration. This approach requires the selection of an acceptable
precision with which the sample mean estimates the true population mean
as well as the specification of a confidence level.

A (1 - a) x 100 percent confidence interval about the sample mean,

x, is given by

- = .1/2 - - 11/2

X ZGIZ [Var (x)] o< x + za/2 [Var (x)] N
where % = sample mean

U = true population mean

Var(x) = variance of the sample mean

Za/Z = the standard normal deviate corresponding to a
probability of a/2 .

Equation 7 expresses that there is a (1 - a) probability that the
true population mean will lie within the boundaries given. Use of this
equation requires the assumption that x 1s normally distributed. This
assumption is generally accepted as a result of the Central Limit Theorem
which states that for any population with a finite standard deviation
the distribution of the sample mean tends to normality as the number of
observations, n, Increases. The size of n required depends on the
underlying distribution of the random variable. The further the depar-

ture from normality, the larger the value of n required.
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There is no completely safe general rule as to how large n must be
for the use of the normal approximation in computing confidence inter-
vals. However, a crude rule is given by Cochran (1977) for populations
in which the principle deviation from normality is a definite positive
skewness. (Sherwani and Moreau (1975) note that positive skewness 1is
typical of the distribution of many water quality variables). The

number of observations should be selected such that

n > 256,° (8)
4

where Gl = Figher's measure of skewness.

N
6 = 13 L (xy - x>
Ns™ i=1
where N = the number of observations from the original distribution
s = the sample standard deviation

X, = the ith observation.

This rule is designed such that a 957 confidence probability statement
will be wrong no more than 6% of the time.

Use of equation 7 obviously requires that the variance of the sample
mean must be known. The expression for Var(x) will vary depending on
the correlation structure of the random variable in question. However,
the number of observations will always appear in the expression.
Hence, it will be possible to determine the number of samples required
to meet a specified confidence limit given that the correlation struc-

ture is known.

Independent Observations

If the observations taken for the variables under consideration can

be assumed independent in both space and time (i.e., no spatial or
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serial correlation exists), then the expression for the variance of the

sample mean is
2

Var(x) = ?{” (9)

where 02 = population variance
n = number of samples.
In general, the population variance, 02, will not be known but will

have to be estimated from the data by the equation

; A (10)

2
where s~ = sample variance.

2
Replacing Var(x) with %— in equation 7 and rearranging terms yields

the following expression for determining the required number of observa-
tions:
Za.z o i
a2 N e (1)
wo- x|
Substitution of s in place of ¢ in equation 11 requires the use of
' -
ta/Z instead of Za/2’ where ta/2 is the value of the student’'s t distri
bution corresponding to a probability of o/2. Also, the difference

between the true population mean and the sample mean, |u - El, is some-

times referred to as the precision, P. These substitutions result in
5 2

tas2 8 (12)
— B

from which it can be seen that three quantities are required to deter-

mine n. An acceptable confidence level, 1 - o, must be specified as

well as the precision, P, which is deemed necessary. These two quanti-

ties can be determined as the values which the management agency is
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willing to accept. The third quantity, 82, is an estimate of the
population variance and must be determined from data.

If 1t can be assumed that the variance has not changed with time,
the simplest approach for determining s2 is to use historic data. If
this data is not available, it may be possible to obtain at least a
rough estimate of the population variance from previous sampling of a
similar population or from a pilot survey.

Assuming no data are available, the most reliable estimate may be
obtained by taking a sample 1n two steps. The first sample is a simple
random sample of size ny from which an estimate of 02 is obtained. The
required total sample size, n, 1s thus determined. Using this approach,
Cochran (1977) shows how to compute n so that the final estimate of x
will have a preassigned coefficient of variation or a preassigned vari-
ance.

If the coefficient of variation, CV, is specified and sl2 1s the
estimated variance from the first sample, additional observations should
be taken so that the total sample size is

%1

8 [ -

2-2\ :

v Xy n %) L’

where §1 is the mean obtained from the first sample and all other
quantities are as previously defined. This procedure does result in an

estimate for the population mean, ;b’ which is slightly biased. Conse-

quently, the final estimate of the population mean should be taken as

X = ib (1 - 2(CV)2]. (14)

These results assume that the population is normally distributed.
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In order to determine the required number of samples to obtain a
specified variance of x (which, in turn can be related to the confidence
interval by equation 7) additional observations should be taken to make

the total sample size

5
ne—=_|[1+2 }. (15)

Var (x) b

>
If the population variance, 0 , were known exactly, the required sample

2
size would be ~—- — . The factor (1 + %-) is necessary as a consequence
Var (x) 1

of having to estimate 02.

Spatially Correlated Observations

For the preceding discussion the assumption of independent observa-
tions has been made. If samples are correlated, part of the information
obtained from one observation is contained in other observations. As a
result the sample size has to be increased in order to achieve the same
information that could be obtained from uncorrelated observations. For
sampling wells located within reasonable proximity of one another, one
would not expect the independence assumption to be valid. Rather some
spatial (interstation) correlation would be anticipated. The extent of
interstation correlation which exists would be dependent primarily on
the flow that occurs between wells.

For the case where there is spatial correlation, equation 9 1s no
longer valid. Matalas and Langbein (1962) present an alternative expres-
slon for the variance of a regional mean where the interstation correla-

tion is included. The estimate of the regional mean is given by

= I _"
x=| ] x

i=1

/n (16)

-]
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where ;i is the mean for each station and nS 1s the number of statioms,

2
If all the n, stations have a common variance, o , and each of the n_
series is a random series (i.e., there is no serial correlation) then

the expression for the variance of the regional mean is given b,

2
J
N n
s's

Var(x) =

1+p (ns -1 (17)

where NS = the number of observations at each station (assumed
constant between stations)
- n
p = the average of all the (zs) cross-correlations.

Matalas and Langbein (1962) introduced a quantity referred to as
the effective number of stations, n,. The information contained in n_
spatially correlated stations is equivalent to that contained in n,

uncorrelated stations. The relationship is given by the equation

a =n, [1+5 (n- 1Y, (18)

Although this equation cannot be used directly to design monitoring
networks, it does provide a means of demonstrating the importance of
considering interstation correlation.

Figure 14 shows equation 18 graphically. The effect of intersta-
tion correlation on computing a regional mean is obvious. It can be
seen that even at very low correlation coefficients the effective number
of uncorrelated stations 1s reduced dramatically. From equation 18 it
1s seen that if 5 = 0.1 a maximum of ten effective stations exist. That
is, the information obtained from an infinite number of statlons with an
average correlation coefficient of 0.1 is equivalent to the information
obtained from ten uncorrelated stations. This does not, however, imply

that only ten stations should be sampled. Tt only provides a comparison
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of the information being obtained relative to the information which
would be obtained if the stations were actually uncorrelated.

The direct application of considering interstation correlation in
designing monitoring networks is shown by the substitution of the
expression for Var(x) from equation 17 into equation 7 to obtain the
total number of samples required for a specified confidence interval
about a regional mean. Using the sample estimates of variance and
correlation coefficient, this results in the following equation

t2 S2 K
of2
7

p?

N n

S 2 1+r (n, - 1) . (19)

Again the population varilance has to be estimated from historic
data or by one of the other methods previously discussed. However, in
this case the average correlation coefficient has to be determined as
well. Once these quantities have been established, the number of

samples required at each station can be determined.

Serially Correlated Observations

In addition to considering spatial correlation in the development
of ground water monitoring strategies, it might also be important to
account for serial correlation. Haan (1977) notes that it is not un-
common to find a time seriles of hydrologic data that exhibits serial
correlation, i.e., the observations taken at one time period are cor-
related with the observations taken at a previous time period.

This problem has been discussed on several studies concerning the
development of monitoring strategies for surface water quality manage-
ment (Loftis, 1979; Lettemmailer, 1978; Sanders and Adrian, 1978).

However, it has not been addressed in the literature concerning ground



-93..

water monitoring. The primary restriction in determining the effect of
serial correlation, as with spatial correlation, is the lack of data.
Without an adequate data base it is impossible to fully analyze the
effect of any type of correlation on the final outcome of a monitoring
program. Therefore, only a few general considerations will be discussed
here. As more data becomes available, it will be important to determine
the situations in which one needs to account for serial correlation.

A serially correlated time series can be represented by a deter-

ministic and a stochastic component

X, =y tz, (20)
where X, = the value of the observation at time t
Ve = the value of the deterministic component at time t
&y = the value of the stochastic component at time t.

z, in the above expression must be stationary.

As noted by Loftis (1979), when serial correlation is considered,

the variance of the sample mean is given by the expression

3 czz n-1 :
Var(x) = —5— | n + 2 Z (n - k) p(k) (21)
n k=1
where p(k) = lag-k autocorrelation coefficient
2 _
o, = Var[zt].

In order to use equation 21 the values of the autocorrelation
function p(k) must be known for k=1, 2, 3,..., n - 1. However, in
order to estimate n - 1 autocorrelation coefficients, it is necessary to
have considerably more than n data points.

A better approach, recommended by Loftis (1979), is to remove the
deterministic component from the historic data record and fit the remain-

ing stochastic component to a time series model. Then the theoretical
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autocorrelation function can be determined from this time series model.
This procedure should require less data and result in an autocorrelation
function which is more representative of the underlying stochastic
process than an autocorrelation function estimated from a particular
realization of that process. Since this type of analysis requires a
more extensive data base than is currently available for ground water
quality variables, a more detailled description of how this analysis
would be made will not be presented here [for more details, refer to
Loftis (1979)1].

The necessity of considering serial correlation in establishing
confidence intervals about the mean of a water quality time series will
depend on the sampling frequency. If the samples are spaced far enough
apart in time, the serial correlation will have a minimal effect on the
confidence interval. However, if high sampling frequencies are required,
serial correlation could have a very definite effect. Some results have
been reported which indicate the effect of serial correlation versus
sampling frequency for surface water quality variables. However, it
should be noted that serial correlation would be expected to be more
pronounced for ground water due to the dampening effects that exist in a
ground water situation.

For the same reasons that omne would expect serial correlation to be
greater in ground water as compared to surface water, 1t would also be
anticipated that the variance of a particular water quality variable
would be less. For a population with a reduced variance, less sampling
is required. Hence, some type of trade-off between these two quantities
will exist and will be reflected in the number of samples required to

obtain a certain confidence interval.
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Without an adequate data base it is impossible to determine the
effect of spatial or serial correlation on the development of a moni-
toring strategy. Therefore, it is recommended that the most logical
procedure to follow is to assume independence of observations in the
initial stages of the monitoring program. As more data hecomes availa-
ble, the validity of this assumption can be checked. More importantly,
the consequences of violation of this assumption on the particular
monitoring objectives can be determined and the monitoring program can

be adjusted accordingly.

Sampling Techniques

A number of sampling techniques, or strategies, can be employed in
an overall monitoring plan for sampling In both space and time. There-
fore, it is important to consider how these techniques will function and
the relative advantage s and disadvantages of each. The text on sampling
techniques by Cochran (1977) was used as a basis for this discussion
except where otherwise indicated. The material presented here is not
intended to be an exhaustive description of all possible applications of
sampling theory to ground water monitoring. Rather, the intention is to
describe some of the more basic techniques that appear to have a direct
application to developing monitoring strategies.

Three types of sampling will be considered: simple random sampling,
systematic sampling, and stratified random sampling. Simple random
sampling 1s a method of selecting n units out of the total population in
such a way that each unit of the population has an equal probability of
being accepted. Systematic sampling consists of selecting a unit at

random from 1 to j and then selecting every jth unit thereafter. 1In
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stratified random sampling the total population is divided into subpopu-
lations referred to as strata. Then, a simple random sample is taken

independently from each strata.

Simple Random Sampling

Simple random sampling could conceivably have application to both
sampling in space and sampling in time. If samples are taken from
existing wells in an aquifer, these existing wells can be considered a
subpopulation of all possible locations in the lasin. As such, a simple
random sample taken from those wells will insure that no correlations
will be introduced as a result of the sampling technique. Assuming no
spatial or serial correlstion the variance of the sample mean will be
given as

N-n
N

Var(x) = %— (22)

where N = total number of units in the population.

This is the same as equation 9 with the exception of the term

N -
( N

n) which is the finite population correction factor. In most cases
concerning ground water monitoring, this correction factor will not be
important since an infinite population is usually involved. However, in
certain populations it is important. This would be the case when an
entire population is considered to consist of a limited number of existing
wells.

The definition of what comprises the population will vary depending
on the objectives. 1If the purpose of monitoring is to determine the
quality of drinking water, then the population consists of all wells
from which drinking water is obtained. However, if the monitoring

objective is to determine the average water quality for the entire
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aquifer, then all possible locations within the aquifer constitute the
population. In this case inferences made from existing wells strictly
apply to that subpopulation only. Extrapolation of such inferences to
the entire basin requires the additional assumption that wells are

located randomly throughout the basin.

Systematic Sampling

As previously stated systematic sampling refers to the procedure
where eve: . jth unit is sampled. If a population of N units is con-
sidered and n units are to be sampled, a unit is selected at random from
the first j = g-units. Every jth unit thereafter is sampled. If N is
not an integral multiple of j, some of the possible samples will have
one unit less than others. Murthy (1967) recommends a procedure to
avold this problem. The N units are regarded as being arranged around a
circle and j is selected as the integer nearest to gu A random unit is
chosen from 1 to j and then every jth unit is selected going around the
circle until n units have been sampled.

With regard to developing monitoring strategies, the primary appli-
cation of systematic sampling is sampling in time. Although simple
random sampling can be used for sampling in time, from a management
standpoint systematic sampling is more practical. This is particularly
true if the sampling is to be frequent. The performance of systematic
sampling relative to simple random sampling (or stratified sampling to
be discussed later) depends largely on the structure of the population.
For some populations systematic sampling is very precise while for
others it is even less precise than simple random sampling. TIf the
population itgelf is effectively random, systematic sampling is equiva-

lent to simple random sampling.
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Caution must be exercised in using systematic sampling with
populations which exhibit period variations typical of hydrolegic phe-
nomena. The effectivenss of this type of sampling with periodic popula-
tions depends on the value of j, the interval between samples. When j
is equal to or is an integral multiple of the period, systematic sampling
is very inefficient. The most favorable case occurs when j is an odd
multiple of the half-period. Therefore, when using systematic sampling,
it is necessary to have some prior knowledge of the time series structure

of the population.

Stratified Random Sampling

In stratified sampling the entire population is divided into
nonoverlapping subpopulations. These subpopulations are referred to as
strata and together they comprise the total of the population. If a
simple random sample 1s selected from each stratum, the procedure is
called stratified random sampling.

There are a number of reasons for using the technique of stratified
sampling. One of the primary reasons is that stratification may produce
gains in the precision of estimates for the population under considera-
tion. This occurs when a heterogeneous population is divided into
relatively homogeneous subpopulations and the analyses are performed on
these subpopulations. Also, if it is desired to obtaln data of known
precision for certain subdivisions of the population, it is advisable to
consider the subdivisions as separate populations. Finally, stratifi-
cation may be appropriate simply because of the increased convenience of
administering the sampling program.

Stratified random sampling has several applications in developing

monitoring strategies. Ward et al. (1976) used stratified sampling to
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allocate the number of samples to stations in a surface water quality
monitoring network. Montgomery and Hart (1974) note that it might
sometimes be possible to use knowledge of the varilability of effluent or
river quality to reduce sampling frequency by stratification.

In its simplest form stratified random sampling calls for weights
to be assigned to each strata. The weights for all strata must sum to

one:

.Z wy =1 (23)

where Wy is the weighting factor for the ith station and L is the number
of strata. The weight for each strata can be selected on the basis of
any of several criteria. Ward et al. (1976) recommended as one possi-

bility letting w, represent the closeness of the ith station's mean

i
(obtained from historic data) to some standard for a particular variable.
That is, a station which is close to the standard would be given more
weight than one which is consistently far away from the standard.

Another possibility would be to base the weighting factor on water use
for a particular area. High priority uses would be given a higher

weight than low priority uses.

The population mean obtained from stratified random sampling is

denoted by
./ % -
%X, = W, X
st i=1 i1 (24)
where ist = sample mean of the entire population (regional mean)
obtained by stratified sampling
- th
X; = sample mean of the i strata.

Assuming the samples are drawn independently in each strata and no

spatial or serial correlations exist, the variance of the mean is given as
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Var(x,) = 2 Var (x,) - (25)

1

Vi
1

i~

Equation 25 illustrates one of the more salient features of stratified
sampling. The varilance of ;sc depends only on the variances of the
individual stratum means. Therefore, 1if the strata can be chosen such
that they are relatively homogenous, the variance of the estimated
population mean can be reduced significantly.

Equation 25 can also be written as

¥ 1
¥ = Ak WYL= @ - A (26)

Var(;:s
1 i

t

n
where fi represents the sampling fraction, Ei‘ of the ith stratum. If
i

the finite population correction factor can be omitted, then
2

g

AR |
i

' (27)

2 L
Var(xst) = Z w

i=1 4

j=]

The number of samples to be taken per strata can be selected to
minimize the variance of the sample mean for a specified cost or to
minimize the cost for a specified variance. If the cost of sampli - an

be written as a linear function,

C= <, + L cyny (28)
where C = total cost of sampling
Cy = overhead cost
¢y = cost per sample in stratum i
n, = number of samples in stratum 1,

then either of the minimizations given above will occur when n, is
proportional to wisj//éz. This leads to the following general rules.

In a given stratum, a larger sample should be taken if the stratum is
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larger, the stratum is more variable intermally, or sampling in the

stratum 1s less expensive.
If cost 1s fixed, the number of samples required for optimum allo-

cation 1s given by
L
(C-c¢) z (w,s,/v/C,)
n = R 1 IR (29)

L o
) (wisi/Ci)

i=1

If the cost per sample is the same in all strata, the optimum allocation
for a fixed cost reduces to optimum allocation for a fixed total sample

size, n. TFor a fixed sample size, Var(ist) is minimized if

n=n ——o (30)

This is sometimes referred to as Neyman allocation.

Most of the preceding discussion relates to stratification by area.
It may also be advantageous to stratify by time. This will be especially
true 1f a linear trend 1s present. Also, if the particular variables
under consideration exhibit a significant seasonal fluctuation, stratifi-
cation by seasons may result in much more reliable estimates of annual
means.

Since sampling will be in a two-dimensional frame (space and time)
it is quite possible that a comblnation of sampling techniques will pro-
vide the most effective monitoring strategy. The decision as to which
techniques to use will depend on the characteristics of each individual

situation.
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Comparison of Sampling Techniques

One of the main objectives of a trend monitoring program is the
detection of any trend over time. For populations which consist entirely
of a linear trend, systematic sampling 1is more precise than simple ran-
dom sampling. However, stratified radom sampling (with one unit per
stratum) is more precise than systematic sampling. Cochran (1977) has

shown mathematically that

Vst = Vsy = Vsrs (31)
where Vst = variance from stratified random sampling
VSy = variance from systematic sampling
Vsrs= variance from simple random sampling.

These results are rather easily demonstrated by reference to
Figure 15. It can be seen that the variance for either systematic or
stratified random sampling will be smaller than the variance for simple
random sampling. Furthermore, the variance for systematic sampling will
likely be larger than the variance for stratified random sampling. This
is the case since the stratified sample allows for within-strata errors
to cancel out, whereas, if a systematic sample is too low or too high in
one strata, it will remain so in all strata.

For serially correlated populations it has been shown that strati-
fied random sampling 18 superior to simple random sampling. No such
general result can be established for systematic sampling; however,
Cochran (1977) has shown that 1f the correlogram which represents the
population is concave upward, systematic sampling is more precise than
stratified random sampling. The correlogram is a plot of the auto-
correlation coefficient, p(k), versus the lag, k. One would anticipate

that the correlogram would be concave upward for ground water quality
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® Systematic Sample

O Stratified Random Sample

Figure 15. Sampling in a Population with Linear Trend (Cochran, 1977).
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data since the autocorrelation coefficients would be expected to be

positive and decrease as the time between observations incrcases.

Physical Aspects of Trend Monitoring

For the sake of completeness some considerations are included which
relate to the physical aspects of monitoring. As noted in Chapter 3
many of these considerations apply to both inspection and trend moni-
toring.

The major requirement of a monitoring well is to provide repre-
sentative samples of sufficient quantity at a minimal cost. Diefendorf
and Ausburn (1977) note that small diameter PVC riser pipe and plastic
well screens or slotted plastic pipes will generally be preferred over
large diameter metal casings and screens. Besides the prohibitive cost
of metal casings, anomalies in sampling could result if the ground water
is reactive with metal.

Well installation should follow the same procedures used when
installing water supply wells. Clean filter sand should be packed into
the annulus where the screened zone will be located. However, it should
be realized that monitoring wells are not intended to produce large
quantities of water and costly well development procedures to remove all
the fine particles of a completed well are not necessary.

Every precaution should be taken to insure that contamination does
not enter the we¢ll except through the screen. The annulus should be
thoroughly sealed above the screened section and backfilled to the
surface. An impermeable seal should be placed at the surface. The well
should remain capped when not in use.

For shallow wells samples can be collected using a simple bailer or

a manual or portable pump. Wells should be pumped as slowly as possible
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to avoid increasing the turbidity of the sample. For deep wells a
submersible pump can be used.

For most analyses only a small sample is necessary. Analysis of
the samples should be considered by a qualified laboratory and approved
procedures should be used for obtaining and handling the samples.

Over an extended period of time, as in trend monitoring, the cost
of collecting and analyzing samples will far exceed the cost of well
installation. Therefore, a management agency should make certain that
correct procedures are used in installing monitoring wells. All infor-
mation obtained from analysis of the data will depend on accurate and

representative sampling.



CHAPTER 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary

This study combined deterministic and probabilistic approaches in
order to develop ground water monitoring strategies for the support of
community management of on-site sewage disposal systems. Two types of
monitoring were discussed. Inspection monitoring was defined as the
monitoring related to the inspection of an individual system to deter-
mine if it is exceeding its design discharge of pollutants to the ground
water. Trend monitoring referred to the monitoring which detects over
time and space the cumulative effect of all the systems In a given area.

A discussion of the variables which should be included in a moni-
toring program of this type was presented. It was determined that the
primary variables to consider were nitrates, fecal coliforms, and in
some cases viruses and phosphorus. However, the monitoring program was
based on detection of nitrates alone. The rationale for this approach
was also presented.

Inspection monitoring strategies were developed by means of a
mathematical model which described the flow of nitrates through the
leach field. The input concentrations to the leach fleld were simulated
from data on septic tank effluent. These data were considered repre-
sentative of the best practical treatment currently available from
septic tank systems. Random failures and temporary overloads were also
included in the input. Nitrate flow through the leach field was modeled
via the convective-dispersion equation and various sampling plans were
superimposed on the output in order to evaiuate the effectiveness of

those plans in detecting system failure.
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Sensitivity analysis was conducted to determine the effect of
changing physical parameters of the system, i.e., ground water depth and
soll type. Also, the effect of changing input conditions was tested by
considering different randomizations of the input failures nnd temporary
overloads.

Results of the model were used to determine the sampling frequency
required to obtain a certain probability of detection for each of the
sampling plans evaluated. Sampling location was also discussed. It was
recommended that the results of an inspection monitoring program be used
in conjunction with mass balance calculations in order to determine the
pollution effect on the aquifer.

The development of trend monitoring strategies consisted primarily
of applying existing statistical theory to the problem of ground water
quality monitoring. A brief review of previous studies regarding ground
water monitoring was presented along with a discussion of the application
of those studies to the monitoring of on-site disposal systems. This
was followed by a discussion of the number of samples required to obtain
a specified confidence interval about the estimated mean of a water
quality variable. The effect of spatial and serial correlation was also
considered. Finally, a discussion of various sampling techniques and

their application to ground water monitoring was presented.

Conclusions
1. The most important variables to incorporate in a ground water moni-
toring program to support community management of on-site disposal
systems are nitrate and fecal coliforms. If the disposal system is

immediately adjacent to a body of surface water, it may be necessary
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to Include phosphorus. In locations where the underlying strata
consist of fractured bedrock, monitoring for viruses may important.
In developing an inspection monitoring program, the mathematical
model indicated the physical characteristics of the leach field
(i.e., soil type and ground water depth) are not critical to
failure detection. (This assumes that the sample 1s always taken
near the water table surface). However, the time from system
failure to detection of that failure varies considerably depending
on soil type.

The variability of the input to the leach field is critical to the
operation of a sampling plan with regard to detecting failure. 1In
the initial development of a monitoring strategy, it will be neces-
sary to make assumptions regarding this input and the probability
of fallure of a particular system. As the data base increases,
changes in the monitoring strategy can be made if the data analysis
indicates it is necessary.

The definition of failure, used in the inspection monitoring model,
is an extreme event failure. Where average concentrations being
discharged from a leach field are more relevant to the chosen
management strategy, the statistical procedures described for

trend monitoring should become the basis for designing the inspec-
tion monitoring system.

A monitoring program designed to detect temporary system overloads
would require sampling frequencies in excess of that which could be
considered feasible for a management agency.

It is recommended that an inspection monitoring program should be

directed toward quantifying the output of individual systems at the
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bottom of the leach field (the same as the water table in this
study). The results from such a monitoring program can be used in
mass balance calculations to determine the pollution effect on the
aquifer.

7. The results given in this report can be utilized to decide which
sampling plan and sampling frequency to use for a specific situa-
tion if the input to the leach field is similar to that assumed in
this study.

8. For complete management of on-site systems it will be necessary to
implement both inspection monitoring and trend monitoring.

9. In the initial stages of developing a trend monitoring program, it
will be difficult to assess the effects of spatial and serial cor-
relations unless some preliminary data are available. Given this
fact, it is recommended that the assumption of independent observa-
tions be made. As more data are collected, the validity of this
assumption can be examined and the monitoring strategy altered if
necessary.

10. Several sampling techniques (e.g., simple random sampling, strati-
fied random sampling, and systematic sampling) could be used effec-
tively in ground water monitoring for sampling in both space and
time. However, in order to determine which technique would be most
advantageous in a given situation, it will be necessary to have
some knowledge of the characteristics of the population being

sampled.

Recommendations
The model from which inspection monitoring strategies were developed

was necessarily hypothetical. Consequently, an important recommendation
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for future study 1is the field verification of the results obtained from
this model. However, any research effort of this nature should be
directed toward verification of the results In terms of monitoring
objectives rather than simple verification of the model itself.

Since it has been determined that input to the leach field has a
very definite effect on monitoring strategies, a more exact quantifica-
tion of this input would serve to better establish appropriate moni-
toring strategies. 1In particular, a precise definition of the type of
failure which can be expected from a septic tank leach field system is
needed.

More study regarding the population characteristics of ground water
quality variables will allow better evaluation of available sampling
techniques. As monitoring programs are initiated, this should be viewed
as a primary objective. With careful planning, an iterative procedure
can be followed in developing monitoring strategies. As more data
becomes available, the monitoring program can be reevaluated and altered
if necessary. Such a procedure would result in continual improvement of

the monitoring program and increased reliability of the results obtained.
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1i.t of Variables Used

in Computer Program
ARG1 = error function argument from convective-dispersion equation
(unsaturated case)

ARG2 = error function argument from convective-dispersion equation
(saturated case)

AVGT = average time from failure to detection, days

Ccl = concentration calculated at the water table, mg/l

CDETEC = detection con: .utration, mg/%

col = input concentration set randomly from normal distribution

for background concentration and set equal to COVRLD for
temporary overloads and system failure, mg/%

co2 (M) = concentration used as input to saturated zone, mg/%
CONC = concentraticon at sampling point, mg/%

CONEW = change in input concentration, mg/2

COVRLD overload concentration, mg/4

D1 = unsaturated dispersion coefficient, cmz/day

D2 = saturated dispersion coefficient, cmz/day

DISP = subroutine which calculates convection-dispersion for

unsaturated and saturated zones

DTIME = time from system failure to detection, days
DUM = dummy variable used for argument in RANSET function
DUR(K) = duration of temporary overload determined randomly on

interval (0,3)

GWDPTH = depth to ground water, cm

ITRIAL = index which identifies particular simulation run
J = number of chan.es in input concentration

N = RN converted to integer

NFAIL = number of failure detections



NJ

NM
NNODET
NSAMPL

NTAUL

NTEMP
NTRIAL
PFAIL
PNODET
PTEMP
QUANT1
QUANT2

RANDEV

RANF

RANSET

RCONC

RMEAN

RTIME

SDEPTH
STDEV
STIME(1)

SUM
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flag variable set equal to O if successive temporary over-—
loads do not vverlap, set equal to 1 if they do overlap
index for TEST, number of times temporary overloads overlap
number of no detections
number of primary samples taken per year

variable used to set TAUL(J) after completion of a temporary
overload

number of temporary overload detections
number of simulation runs

percent failure detection

percent no detection

percent temporary overload detection
l-erf (ARGl), umnsaturated case

l-erf (ARG2), saturated case

random deviate from normal distribution with given mean and
standard deviation

intrinsic function used to generate random numbers

intrinsic function used to initialize random number generator
random number determined on the interval (0,1)

subroutine which sets input concentrations

mean concentration of the input nitrate, mg-N/%

number of temporary system overloads determined randomly on
the interval (1,50)

subroutine whicli determines random time for system failures,
random number of temporary overloads, and random times and
durations of overloads

depth below ground water at which sample was taken, cm
standard deviation of input nitrate, mg-N/%

day on which sample is taken

sum of times from system failure to detection, days



SYFATL
T

TAU(T)

TAU1(J)
TAU2 (M)
TEMP

TEST

TEST (NM)

TSET

TT
V1l

V2
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time of system failure, days
increment of time for variation in background concentration

time of temj.:ary overload determined randomly on interval
(0,365) days

time of change in input concentration, days

time of change in concentration at the water table, days
temporary storage location used for rearranging TAU

test variable to determine 1f TAU(I) + DUR(I) extends to
SYFAIL or beyond (temporary overloads were only considered

up to the time of system failure)

test variable used to determine the duration of overlapping
temporary overloads

subroutine which sets the time of each change in inflow
concentration as required by subroutine DISP

current time, days
unsaturated seepage velocity, cm/day
saturated seepage velocity, cm/day

random number on interval (0,1)
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START

\on INPUT OATA/

INITIALIZE RANDOM
NUMBER GENERATOR

"

CALL RTIME

:

CALL TEST

:

CALL RCONC

!

CALL DISP

;

PRINT RESULTS OF
CURRENT SIMULATION

LAST
SIMULATION
?

No

PRINT FINAL RESULTS

Figure Al. Flow Chart for Program SAMPL.
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SET RANDOM TIME
FOR SYSTEM FAILURE

SET RANDOM NUMBER
OF TEMPORARY SYSTEM

OVERLOADS

|

SET RANDOM TIME AND
DURATION FOR EACH
TEMPORARY OVERLOAD

|

REARRANGE EACH TEMP.

OVERLOAD IN CHRONOLOGICAL
ORDER ( Consider Temp.
Overloads only up to
Time of System Failure)

Figure A2. Flow Chart for Subroutine RTIME.
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DOES
TEMP OVERLOAD
OCCUR IN NEXT 3 - DAY

Yes

PERIOD

SYSTEM RAILURE
OCCUR IN NEXT 3- DAY
PERIOD

Yes

SET LAST TIME
CHANGE = BEGINNING
OF SYSTEM FAILURE

SET TIME OF INPUT CONC.

No TEMPORARY OVERLOAD
CHANGE AT CURRENT TIME [rTs CAUSE IT TO OVERLAP
+ 3 DAYS WITH THE NEXT
y

SET TIME OF NEXT CONC.
CHANGE EQUAL TO TIME OF
OVERLOAD + DURATION

SET TIME OF NEXT CONC.

DOES
DURATION OF

SET TIME OF NEXT CONC.
CHANGE EQUAL TO MAXIMUM
TIME RESULTING FROM
OVERLAFFED TEMP OVERLOADS

CHANGE EQUAL TO BEGINNING
OF THE NEXT DAY

Figure A3.

Flow Chart for Subroutine TSET.
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)
CURRENT

TIME
Yes

INCREMENT it EITHER
OVERLOAD OR S:STEM
FAILURE

SET CONCENTRATION EQUAL
TO
FAILURE CONCENTRATION

SET CONCENTRATION AS A
RANDOM DEVIATE FROM
NORMAL DISTRIBUTION WITH

GIVEN MEAN AND STANDARD
DEVIAT ION

Figure A4. Flow Chart for Sul'routine RCONC.
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HAS
INPUT CONCENTRATION
CHANGED

Yes

INPUT NEW CONCENTRATION

CALCULATE CONVECTION -
DISPERSION IN
UNSATURATED ZONE

[ 1]
E .
l...
CALCULATF CONVECTION —
5 DIS! L #SION IN
E SATURATED ZONE
@
-
(4]
E

l

CALCULATE CONCENTRATION
AT SAMPLING POINT

CURRENT TIME
SAMPLNG TIME

No

EVALUATE SAMPLING PLAN

Figure A5. Flow Chart for Subroutine DISP.
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