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A RISK-BASED APPROACH FOR EXAMINING VERTICAL SEPARATION 

DISTANCES IN ON-SITE WASTEWATER TREATMENT SYSTEMS 

ANTHONY M. JANICEK 
 

 
ABSTRACT 

 
Regulations regarding the use of on-site wastewater treatment systems in many states 

lack a sufficient scientific basis, which in many cases restricts the use of on-site systems, 

drives up cost, and restricts innovation of new treatment technologies.  Of particular 

regulatory concern is the minimum vertical separation distance (VSD) located in the area 

between the trench bottom of the subsurface soil absorption system and any restricting or 

limiting layer. The minimum VSD needed for proper effluent treatment is based on many 

complex and interrelated factors regarding physical, chemical, and biological soil 

conditions at a particular site. Research has shown that depending on soil type and 

conditions, VSD between 1.5 feet and 4 feet is enough to adequately treat effluent yet 

many states use a “one size fits all” approach when setting regulations for on-site 

treatment systems.  A stochastic mathematical model has been developed that provides an 

estimation of the probability that a contaminant concentration will reach a certain point 

below the trench bottom of the subsurface soil absorption system.  This model has been 

incorporated into a simple, easy-to-use, Excel® based computer program that allows the 

user to evaluate the potential range of fecal coliform concentrations that may reach a 

specified groundwater or surface water location.  This model has been developed to aid 

regulators, land use planners, and designers to quickly evaluate the associated risks of 

contamination from a specified on-site wastewater treatment system in a specified soil. 	
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CHAPTER 1 

 
INTRODUCTION 

 
Once considered appropriate only for rural areas where construction of large, 

centralized systems was not practical, on-site systems are currently being used as an 

effective tool for wastewater management in rural areas as well as, in both large and 

small urban centers (Siegrist et al., 2007). Knowledge gained through research and 

experience as well as, advances in treatment technology, have lead to the widespread use 

of on-site wastewater treatment systems as a permanent solution to wastewater 

management (Siegrist et al., 2005; USEPA, 2002).  Today, on-site systems, also referred 

to as decentralized systems, are used to treat waste not only from individual homes but 

also from small housing developments, or clusters, as well as commercial establishments 

such as restaurants and hotels. 

On-site wastewater treatment is the collection, treatment, and disposal or reuse of 

wastewater at or near the location in which the waste is generated (Crites & 

Tchobanoglous, 1998). Approximately 25% of the United States Population and 35% of 

all new construction are served by on-site wastewater treatment systems, which collect, 

treat, and release approximately 4 billion gallons of treated effluent per day (Lowe & 

Siegrist, 2007, USEPA, 2002; US Census Bureau, 1997). When properly designed and 
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maintained on-site sewage treatment systems provide a high level of treatment efficiency 

at a low cost while simultaneously protecting public health and environmental quality 

(Hall, 1990; Siegrist et al., 2001).  However, when not properly designed and maintained, 

these systems can fail creating serious environmental and health risks. 

 
1.1 On-site Wastewater Treatment Systems 
 

Conventional on-site systems typically consist of a biological treatment unit and a 

subsurface absorption system both of which degrade chemical compounds and remove 

microorganisms from domestic wastewater through physical, chemical, and biological 

processes. Approximately 85% of on-site wastewater treatment systems are conventional 

systems (Davis & Cornwell, 2008).  One typical example of an on-site wastewater 

treatment system is a septic tank and leach field collectively known as a septic system.   

The septic tank is the biological treatment unit of the septic system, consisting of 

a tank (or several tanks), with each tank internally separated into two chambers.  The first 

chamber provides primary treatment of the wastewater and removes most of the settleable 

solids; fats, oils, and greases; and other floatable organic matter through physical 

processes such as sedimentation and floatation while also removing settleable organic 

solids through chemical and biological processes such as anaerobic liquefaction (US 

EPA, 2002).  Anaerobic liquefaction is a process in which acid-forming bacteria partially 

digest the solids by hydrolyzing the proteins and converting them to volatile fatty acids, 

most of which are dissolved in the water phase (USEPA, 2002).  Any remaining solids 

that are not dissolved into the water phase of the septic tank effluent are eventually 

pumped out during routine maintenance. The second chamber of the septic tank allows 

for further settlement to take place before the septic tank effluent is discharged to a leach 
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field or, in general terms, a subsurface absorption system.   

The subsurface absorption system typically consists of a distribution pipe, which 

carries STE from the septic tank; a series of trenches filled with porous media such as 

gravel, sand, or synthetic material; and finally the native soil directly under the trench 

bottom or infiltrative surface area.  The subsurface absorption system provides additional 

treatment of the septic tank effluent through a combination of additional physical, 

chemical, and biological processes. The porous material in the trench is typically 

saturated while the native soil under the trench is unsaturated (called the vadose zone).   

The two main components of the subsurface absorption system, the trench and the 

native soil, are the interface between the engineered portion of the system and the natural 

portion of the system.  Generally, the hydraulic conductivity in the native soil is lower 

than the porous media of the trench.  This drop in permeability from the trench material 

to the native vadose zone soil causes ponding of STE at the trench bottom.  Over time, as 

a result of ponding, a biological film develops at the interface between the saturated zone 

of the trench bottom and the unsaturated zone of the native soil just beneath the trench.  

This biological film consists of decomposing organic material, bacterial biomass, and 

various minerals all of which act to create a biologically active fine filter layer, also 

known as the biological layer. The biological layer is only a few centimeters thick but 

increases pollutant transformation and removal substantially through enhanced sorption, 

nitrification, biological decay, and bacterial die-off (Siegrist et al., 2005).  The STE is 

purified even further as it passes through the native soil; it is in this final stage of the 

treatment process, that bacteria and virus as well as organic matter are further removed 

from the effluent before it reaches the groundwater table.  
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The septic system described above is just one type of on-site treatment system.  

Although there are many variations, including a variety of pretreatment options, on-site 

systems consist of two main components: the biological treatment unit, or septic tank, 

and the subsurface absorption system.  The septic tank is the site of primary wastewater 

treatment while the subsurface absorption system distributes, or disposes, the septic tank 

effluent over a large area where further treatment occurs before it is returned to the 

groundwater table. Site characteristics and soil properties typically dictate which system 

will be installed in a given area.  In areas where site characteristics or soil conditions are 

unfavorable additional treatment may be required.  Additional treatment options are often 

referred to as pretreatment or alternative treatment depending on the source.  Site factors 

that would necessitate additional treatment are high groundwater tables, shallow limiting 

layers such as bedrock, very slowly or rapidly permeable soils, close proximity to a water 

table, and a small lot size (Davis & Cornwell, 2008).   Examples of alternative treatment 

options and the criteria under which a given system would be utilized are provided in 

Table 1-1. 

 
Table 1-1: Examples of treatment and distribution options for on-site systems. 

Treatment Distribution Use 

Septic Tank Leach Field Large lot,  

Septic Tank Mound System High groundwater table or 
shallow limiting layer, very 

permeable or very 
impermeable native soil 

Septic Tank & Aerobic 
Treatment Unit 
(pretreatment) 

Leach Field and/or Mound 
System 

High groundwater table, 
very permeable or very 

impermeable native soil, 
small lot size 
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The septic tank effluent from a conventional system is applied to the subsurface 

absorption system in one of two ways, through intermittent gravity-flow application or 

periodic (dosing) application (Charbeneau, 2000).   Through intermittent gravity-flow 

application, gravity is used to distribute STE to the subsurface absorption field. In 

periodic dosing, a pump is used to distribute STE evenly throughout the subsurface 

absorption system.    

Alternative, or pretreatment, systems are typically used in areas where greater 

wastewater treatment is required or where there is not enough natural soil to effectively 

treat the wastewater.  Examples of alternative systems are aerobic pretreatment units, 

sand filter systems, and mound systems.  Aerobic pretreatment units, similar to biological 

treatment units, are typically used as a “pretreatment” in conjunction with biological 

treatment units to enhance effluent treatment.  Mound systems and sand filtration systems 

are typically installed when minimal natural soil is available for distribution and disposal 

of effluent.  Both these systems can also be used to provide increased treatment to the 

effluent before disposal.  There are many different types of systems often having different 

names depending on the source of information.  As a result, it is necessary to specify that 

in this document, subsurface absorption system refers to the subsurface infiltrative area of 

the system and septic tank effluent, or STE, refers to the effluent discharged from the 

primary biological treatment unit, or septic tank. 

 
1.2 Failure of On-site Systems 
 

On-site wastewater treatment systems are considered to have failed when 

pollutants reach groundwater used for drinking water or nearby surface water used for 

recreational purposes (USEPA, 2002).  When not treated properly, domestic wastewater 
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can contain many pollutants that pose risks to human health and the environment such as 

toxic organic compounds, nitrogen, phosphorous, heavy metals, and pathogenic 

microorganisms.  Ingesting toxic organic compounds in contaminated drinking water can 

result in neurological and developmental problems in humans (USEPA, 2002).  Excess 

nitrogen and phosphorous can result in eutrophication of nearby surface waters.  

Furthermore, there are several pathogenic microorganisms found in untreated domestic 

wastewater.  A number of bacteria, virus, protozoa, and parasites can cause a wide range 

of neurological, gastrointestinal, respiratory, renal, and other diseases (USEPA, 2002) 

According to the USEPA failure rates of on-site wastewater treatment systems 

could be as high as 20% (USEPA, 2002; US Census Bureau, 1997). Failure of on-site 

systems can occur in two ways: the system can fail to filter and biologically degrade the 

waste before it reaches the groundwater table, or the system becomes overloaded and 

wastewater rises to the surface (Tumeo & Newland, 2009).  If systems fail and 

wastewater surfaces humans and animals can be directly exposed to pathogens.  

Similarly, when contaminated wastewater reaches the groundwater table, pathogenic 

microorganisms (i.e., virus, bacteria, and parasites) and other potentially hazardous 

compounds can be transported long distances and potentially contaminate drinking water 

wells in addition to contaminating surface water used for recreation (Canter & Know, 

1985; Newland, 2003).  With approximately 75% of all U.S. cities relying on 

groundwater for drinking water, failure of on-site systems pose a serious threat to public 

health and the environment (US Department of Commerce, 1997).  The native soil in the 

vadose zone that lies underneath the trench in a subsurface absorption system is 

extremely important with regards to wastewater treatment performance.  There are many 
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complex and interrelated physical, chemical, and biological factors that influence 

treatment of wastewater in the vadose zone.   According to research conducted by Crane 

& Moore (1985), these factors include but are not limited to: 

 
• soil pH,  

• filtration and adsorption capabilities of the soil,   

• atmospheric conditions such as temperature and available sunlight,  

• texture and soil particle size,  

• microbial activity, 

• salt concentration,  

• organic matter content,  

• and hydraulic conditions. 

 
In addition to the physical, chemical, and biological characteristics of the soil, the 

distance between the trench bottom and any confining or limiting layer also affects 

treatment performance. This portion of the subsurface absorption system is the final 

treatment stage of the on-site wastewater treatment system before the septic tank effluent 

reaches the groundwater table.  As a result, there must be adequate distance from the 

bottom of the trench to the groundwater table (or other limiting layer) in order to allow 

enough time for wastes to be neutralized and pathogenic microorganisms to be reduced to 

acceptable levels.   

Given the potential risks and continued growth of the use of on-site wastewater 

treatment systems in the U.S., there is a growing need for regulatory solutions regarding 

on-site wastewater treatment systems that are effective in protecting public health and 

preserving water quality.  
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1.3 Regulation of On-site Wastewater Treatment Systems in Ohio 
 

In general, early laws regarding on-site wastewater “disposal” were largely based 

on soil percolation tests, local practices, and past experience (US EPA, 2002).  As a 

result, many early codes did not take into consideration the complex physical, chemical, 

and biological interrelationships among soil conditions, wastewater characteristics, 

microorganisms, and the atmosphere (US EPA, 2002).  Since the first laws regarding 

wastewater disposal were passed, many older laws have been revised in an effort to 

increase treatment efficiency by increasing the size of the biological treatment unit and 

the subsurface absorption system (Kreissl, 1982; Plews, 1977). Minimum trench widths, 

horizontal setbacks from potable water supplies, minimum vertical separation distances 

from the trench bottom to limiting layers, and maximum allowable land slopes were 

specified in an effort to protect public health and the environment (Kriessl, 1982). 

Although state lawmakers continue to revise codes regarding on-site wastewater 

treatment systems, few revisions have addressed the fundamental issue of system 

performance with respect to risk management for both a site and the area in which it is 

located (US EPA, 2002).  To achieve public health and environmental objectives, 

wastewater management strategies need to focus on system performance, pollutant 

transport and fate as well as planning, design, siting, installation, and maintenance for on-

site systems (US EPA, 2002) 

In 2005, Ohio Revised Code (ORC) Chapter 3718 was adopted into state law 

which required the Ohio Department of Health to adopt rules relating to home sewage 

treatment systems and small flow on-site sewage treatment systems.  The rules adopted 

by the Ohio Department of Health, Ohio Administrative Code (OAC) Chapter 3701-29, 
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became effective on January 1, 2007 and contained specifications regarding the siting, 

design, installation, operation, monitoring, maintenance, and abandonment of household 

sewage treatment systems.  Shortly after the passage of OAC 3701-29 concerns and 

disagreements arose over the implementation and regulation of the rules.  Of primary 

concern was the economic impact the rules would have on both current and future 

property owners as well as the potentially adverse impacts on current and future 

alternative technologies regarding on-site sewage treatment systems.  As a result, 

Amended Substitute House Bill 119 was passed and put into effect January 1, 2007, 

which suspended portions of ORC chapter 3718 until July 1, 2009 and reinstated laws 

that had been previously in effect statewide regarding rules relating to household and on-

site sewage treatment systems.   

House Bill 194 and Senate Bill 100 of the 128th General Assembly of the State of 

Ohio extended the suspension and temporary provisions governing household and small 

flow on-site sewage treatment systems to allow the general assembly to enact new 

requirements pertaining to such systems.  In June 2010, the 128th General Assembly 

enacted new provisions that become effective mid-September 2010 pertaining to 

household and small flow on-site sewage treatment systems. These rules codified in Sub. 

Senate Bill 110, allows for rules adopted by local health districts to remain in effect until 

the Public Health Council adopts new rules for statewide application in January 2012.  

The events surrounding the passage of laws pertaining to household and small flow on-

site sewage treatment systems in Ohio illustrate the need not only to include scientific 

and technical factors in the regulatory process, but to also include social and political 

factors as well.   
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1.4 Vertical Separation Distance 
 
As explained above, of particular regulatory concern with regards to household 

and small flow on-site sewage treatment systems in Ohio, as well as many other states, is 

the minimum vertical depth located in the area between the trench bottom of the 

subsurface absorption system and any restricting or limiting layer (i.e., groundwater 

table, bedrock, or excessively permeable soils) which allows sufficient time for wastes to 

be neutralized and pathogenic microorganisms to be reduced to acceptable levels (Bicki 

& Brown, 1990; Hall, 1990). In addition, other unique characteristics of this area can 

either increase or decrease the effective treatment ability of this final stage of the on-site 

sewage treatment system; physical, chemical, and biological factors such as temperature, 

microbial activity, moisture content, pH, salt concentration, organic matter content, and 

hydraulic conditions are just some of the controlling factors in effluent treatment (Yates 

&Yates, 1988).  Regulators have termed the minimum allowable vertical depth of this 

layer as the vertical separation distance (VSD), which is typically controlled by the 

seasonally high water table.  Although dependent upon sufficient soil conditions 

controlled by complex physical, chemical, and biological factors, studies have shown that 

a minimum vertical separation distance of at least 18 inches can be enough to properly 

treat septic tank effluent to acceptable levels (Bohrer & Converse, 2001; Brown et al., 

1979; Hagedorn et al., 1981; Otis et al., 1977; Tyler et al., 1977). 

The minimum vertical separation distance required by regulatory agencies varies 

widely from state to state with some states having multiple minimum vertical separation 

distances being required depending on the region, county, or district in which the 

subsurface soil absorption system is being constructed.  For example, in Ohio, the 
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minimum VSD is currently set by the board of health within the county that the 

subsurface soil absorption system is to be constructed as outlined in ORC 3718.041(A) 

resulting in required minimum vertical separation distances ranging from 1 to 4 feet 

depending on location.  Similarly, minimum required vertical separation distances for all 

other states in the U.S. typically range from approximately 1 to 4 feet depending on the 

state (USEPA, 1980a; Crites & Tchobanoglous, 1998; Wayland & Oppelt, 2002).  This 

wide range of separation distances is largely a function of the physical, chemical, and 

biological conditions of the soil as well as the hydrologic conditions within the vadose 

zone. With approximately 25% of homes in the U.S. using some form of on-site 

wastewater treatment and disposal, there is clearly a need to use scientific and technical 

knowledge as a basis to create policy that will regulate on-site sewage treatment systems 

to ensure public health and provide for minimal environmental impact (Hall, 1990; 

Siegrist et al., 2001;Wayland & Oppelt, 2002).  Properly sited, designed, installed and 

maintained on-site sewage treatment systems provide a high level of treatment efficiency 

at a low cost over long periods of time while simultaneously protecting public health and 

environmental quality by returning highly treated effluent to the receiving environment 

(Hall, 1990; Siegrist et al., 2001). 
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CHAPTER II 
 

LITERATURE/BACKGROUND 
 
 

 The majority of on-site wastewater treatment systems discharge treated water into 

the subsurface, which ultimately leads to the groundwater table.  Subsurface soil consists 

of interconnected pore spaces, or void spaces, and is referred to as a porous medium.  The 

interconnected pore spaces allow fluids such as water or air to flow through the soil pore 

spaces.  The soil pore spaces may be connected by tortuous pathways, that is indirect or 

circuitous routes through the porous medium (Dullien, 1979).  As a result, flow of water 

through the subsurface can be very complicated. 

 

2.1 Subsurface Flow in Soils 
 

Subsurface water occurs in two main zones: the saturated zone and the 

unsaturated zone.  The unsaturated zone, also termed the partially saturated zone or 

vadose zone, is nearest to the earth’s surface and extends from the ground surface to the 

water table.  In the vadose zone the void spaces are filled with water, air, and water 

vapor. The amount and distribution of water in this zone depends on soil texture, 

vegetation, and atmospheric conditions (Charbeneau, 2000).  In addition, the water 
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present in the vadose zone is a result of three forces (Roberson et al., 1998; US EPA, 

2002): 

 
• capillary forces (water held in the soil by capillary action),  

• adsorptive forces (water adhering to the surface of soil particles),  

• and gravity (water draining downward through the soil). 
 
 

Capillary, adsorptive, and gravitational forces complicate unsaturated flow, or 

flow in the vadose zone, causing vertical or lateral movement of water depending on the 

permeability of the soil (Roberson et al., 1998).  Highly permeable soils can hold as 

much as 10 to 20% of water saturation while soils with lower permeability can hold as 

much as 90% of water saturation (Charbeneau, 2000).  Furthermore, as a result of these 

forces and the soil pore spaces, the pressure in the vadose zone is usually negative (less 

than atmospheric pressure) and the permeability is not constant throughout this zone as it 

is in the saturated zone.  The thickness of the vadose zone, or the distance from the 

ground surface to the water table, varies with the amount of rainfall. In general 

unsaturated flow conditions are much slower than saturated flow conditions (Hall, 1990; 

Roberson et al., 1998). 

The groundwater table marks the beginning of the saturated zone. In the saturated 

zone water occupies all the soil pore spaces and as a result, air is prevented from entering, 

promoting anaerobic conditions unlike the aerobic conditions of the vadose zone.  In soils 

with coarse texture, flow of water is more rapid whereas saturated flow through finely 

textured soils is generally much slower (Hall, 1990; Roberson et al., 1998). 
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2.2 Flow in the Subsurface Absorption System 
  
 Fluid transport through the subsurface absorption system occurs through three 

zones: the trench, the infiltration zone, and the vadose zone.  Most of the physical, 

chemical, and biological treatment that occurs in the subsurface absorption system occurs 

within the infiltration zone and the vadose zone (US EPA, 2002). As mentioned 

previously, a biologically active fine filter layer, or biological layer, is formed at the 

interface of the trench bottom and the vadose zone, or more simply within the infiltration 

zone. Initially, particulate matter from the wastewater accumulates in the pore spaces of 

the infiltration zone providing a source of carbon and nutrients for the biologically active 

microorganisms in the soil.  Over time, the accumulation of particulate matter as well as 

biologically active microorganisms and their by-products result in the formation of a 

biological layer.  As a result of the reduced porosity and permeability caused by the 

clogging of soil pore space and the subsequent formation of the biological layer, ponding 

occurs within the trench (Jones & Tyler, 1965; Siegrist, 1987; Tyler et al., 1991).   

The rate at which the wastewater infiltrates into the vadose zone is controlled by 

both the biological layer and the vadose zone soil (Bouma, 1975; Tyler & Kuns, 2000).  

Over time, decline of the infiltration rate into the vadose zone from the infiltration zone 

eventually leads to a long-term steady state infiltration rate known as the long-term 

acceptance rate (LTAR) (Radcliffe et al., 2009).  The interface between the infiltration 

zone and the vadose zone is the transition between saturated flow in the trench and 

unsaturated flow below the trench. 

 In the vadose zone, contact time is increased as a result of capillary and 

adsorptive forces. Furthermore, increased aeration is facilitated by the movement of 
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wastewater over soil particles and through soil pore spaces. These characteristics are key 

aspects with regards to wastewater treatment efficiency in this zone. The negative 

atmospheric pressure, which is ultimately due to the capillary and adsorptive forces, act 

to draw in water into the finer pore spaces while the larger pore spaces typically remain 

filled with air.   The unsaturated nature of the vadose zone allows oxygen to diffuse into 

the larger pore spaces creating a suitable environment for aerobic microorganisms, which 

are partially responsible for treatment performance, to grow on soil particles (Hall, 1990; 

US EPA, 2002).  Provided that there is enough distance between the infiltration zone and 

the groundwater table, unsaturated, aerobic flow conditions in the vadose zone create an 

ideal environment in which nutrients and pathogenic microorganisms can be removed 

from wastewater to acceptable levels. 

 

2.3 Wastewater Characteristics 
 
 The composition of domestic wastewater is a complex mixture of organic and 

inorganic compounds as well as pathogenic microorganisms.  Typically, the most 

abundant compounds found in domestic wastewater are phosphorus and nitrogen.   

 

2.3-1 Nutrients: Both organic and inorganic forms of nitrogen are found in wastewater. 

The presence of organic nitrogen is due largely to nitrogen containing compounds such as 

proteins, amino acids, and urea, which are excreted from the human body (Sawyer et al., 

2003).  Inorganic nitrogen is present in the form of nitrate and nitrite, both of which result 

from the oxidation of ammonia in a process called nitrification (Holden & Fierer, 2005; 

Willey et al., 2009 ).  When discharged to receiving waters in excessive amounts, 
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nitrogen can lead to low dissolved oxygen concentrations as well as excessive plant 

growth (Carodona, 1998).   

Phosphorus in domestic wastewater exists mainly in the form inorganic 

phosphates, which originate from human urination, agricultural run-off, and household 

detergents.  Excess phosphorus in receiving waters can lead to excessive plant growth 

(Sawyer et al., 2003).  Both nitrogen and phosphorus are used as a source of nutrition for 

bacteria in wastewater and in soil (Willey et al., 2009).  Many inorganic compounds such 

as sodium, bicarbonates, chlorides, sulfates, calcium, and potassium, to name a few, are 

present in domestic wastewater. In addition, many other compounds such as fats, oils, 

greases, and organic matter can also be found in domestic wastewater (Sawyer et al., 

2003). 

2.3-2 Microorganisms: Domestic wastewater contains a large variety of microorganisms 

most of which are non-pathogenic. However, humans who are infected or carriers of 

disease can discharge pathogenic microorganisms into wastewater (Carodona, 1998).  

Pathogenic microorganisms can be bacteria, viruses, or parasites causing a wide variety 

of diseases.  Fecal coliforms are coliform bacteria that originate in feces and are 

frequently used as indicator organisms of pathogenic water contamination because they 

are easy to test for and more numerous than other types of microorganisms (Coradona, 

1998; Willey et al., 2009).  Septic tank effluent typically contains about 106 to 108 

CFU/100 ml fecal coliforms (USEPA, 2002).	
  Due to the fact that fecal coliform bacteria 

are used as an indicator of water quality, determination of the die-off or inactivation of 

these organisms in the environment is of critical concern if management practices are to 

be developed to minimize contamination of drinking water (Crane & Moore, 1985).   
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2.4 Microorganism Survival in the Subsurface 
 

Microorganism survival, and more specifically bacterial survival, in the 

subsurface is largely a function of many complex and interrelated physical, chemical, and 

biological characteristics of the vadose zone soil (Holden & Fierer, 2005).  Studies have 

shown that, in general, temperature, pH, moisture content, nutrient supply, solar 

radiation, oxygen content, and predation by indigenous soil microflora have the greatest 

effect on coliform bacteria survival (Burge & March, 1978; Carodona, 1998; Dunlop, 

1968; Gerba et al., 1975, Holden & Fierer, 2005; Kibbey et al., 1978).  The effect of the 

these stresses reduce bacterial survival time in the subsurface to typically less than 20 

days, with longer survival times under certain soil conditions (Pekdeger, 1984; US EPA, 

2002).  

Temperature extremes, both high and low, are disruptive to survival of bacteria in 

the vadose due to the relatively stable temperature conditions in the subsurface (Klein & 

Casida, 1967; Kibbey et al., 1978; Fierer, et al., 2003a).  Extremes in pH, both alkaline 

and acidic, of soil and water greatly increase the die-off and inactivation of bacteria in the 

vadose zone (Crane & Moore, 1985; Kibbey et al., 1978; US EPA, 2002,).  Dramatic 

shifts in soil moisture content can also influence bacteria survival rates.  Desiccation 

resistant indigenous soil bacteria are favored by drier soil conditions while fecal coliform 

bacteria survival is generally increased in moist soil conditions (Carodona, 1998; Gerba 

et al., 1975; Holden & Fierer, 2005; Kibbey et al., 1978).  In addition, sufficient nutrient 

supply and organic matter content of soil are necessary for bacterial survival in the 

subsurface.  Nutrient concentrations (carbon, nitrogen, and other nutrients), abundant in 

surface soil, decrease with increasing depth thereby resulting, in part, to lower microbial 
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abundances lower in vadose zone soil (Fierer et al., 2003b; Holden & Fierer, 2005; Klein 

& Cassida, 1967;).  Sunlight, or solar radiation, can be effective in reducing bacteria but 

typically only near the surface (Crane et al., 1980; US EPA, 2002).  Aerobic conditions 

are unfavorable to anaerobic septic bacteria; these conditions also increase predation of 

larger pathogenic bacteria by aerobic soil bacteria (Carodona, 1998). 

 In addition to natural die-off, pathogenic microorganisms can be retained in the 

soil through entrapment or filtering and soil adsorption.  As soil pore size decreases, 

larger microorganisms become trapped in soil pores (Carodona, 1998).  Furthermore, 

conditions typical of the vadose zone such as uniform effluent distribution as a result of 

the decreased permeability of the biological layer as well as, decreased moisture content, 

increase adsorption of microorganisms (Carodona, 1998; Reneau et al., 1989).  

 

2.5 Treatment Performance in the Vadose Zone 
 

Treatment in the subsurface soil system is the result of processes by which, 

disease causing microorganisms, as well as organic and inorganic materials, are removed 

from the wastewater before being returned to the hydrologic cycle (Hall, 1990).  Due to 

the high degree of treatment that occurs in the unsaturated, or vadose, zone below the 

trench bottom, allowing for adequate separation distance from groundwater of any other 

impervious layer that results I saturation is crucial in not only preventing contaminants 

from reaching the groundwater table but also in transforming or reducing the 

concentration of contaminants to an acceptable level.  During unsaturated flow conditions 

through the vadose zone, the primary movement of water is in the vertical direction due 

to gravitational forces.  In addition, capillary forces caused by surface tension between 
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water and air within soil pore spaces act to hold the wastewater in close proximity to soil 

particles and allow for treatment by interaction with microorganisms on the soil particle 

surfaces (Charbeneau, 2000).  Further treatment is accomplished as a result of increased 

contact time due to much slower flow rates as well as increased aerobic conditions that 

occur in the unsaturated zone (Hurst, 1991).  The vadose zone, is the final treatment 

aspect of the on-site wastewater treatment system before the effluent returns to the 

environment and ultimately into the groundwater table. In conjunction with the biological 

layer which precedes it, the vadose zone is a major source for the inactivation of 

pathogenic bacteria, viruses, and other microorganisms.   

 

2.6 Vertical Separation Distance in On-site Systems 

 Allowing for adequate time and distance for effluent to travel vertically through 

the vadose zone is essential in order to provide effective treatment of wastewater before it 

reaches the groundwater table.  As mentioned previously, the long-term acceptance rate, 

dictated by the physical characteristics of the biological layer, controls flow into the 

vadose zone.  As a result of this phenomenon, unsaturated flow into the vadose zone is 

much slower allowing increased contact time and increased aeration, all of which 

promote faster and more complete treatment of wastewater (Carodona, 1998; Hall, 1990; 

US EPA, 2002).  In addition to vertical movement, horizontal movement can also occur 

as a result of a confining or limiting layer such as bedrock and will often occur once the 

effluent reaches the groundwater table (Stewart & Reneau, 1981; Field et al., 2007).   
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In order to protect public health, occasionally horizontal separation distances are 

specified to provide protection of wells, springs, and surface waters.  However, research 

has shown that providing adequate vertical separation is much more effective in 

removing contaminants and protecting public health than horizontal separation; because 

horizontal flow usually requires saturated conditions, if vertical separation provides 

adequate treatment before horizontal flow begins, contamination as a result of horizontal 

flow will be prevented (Carodona, 1998). 

Studies have shown that when soil conditions are sufficiently unsaturated, 2 to 3 

feet is sufficient to remove nearly all fecal indicator bacteria and viruses (Otis et al., 

1977; Tyler et al., 1977).  Research conducted by Tyler et al (1977) showed that there 

was a 3 log reduction (1000 times less) in bacterial numbers within the first foot of soil 

below the trench bottom and within 2 feet bacterial numbers were reduced to acceptable 

levels for treated wastewater.  Similarly, research conducted by Bohrer and Converse 

(2001) showed that different sites receiving septic tank effluent with soils ranging from 

coarse sand to clay loam, within 18-24 inches very low fecal coliform concentrations 

were detected and that beyond 24 inches there was no detection of fecal coliforms.  

Furthermore, research has shown that substantial, if not complete, removal of bacterial 

concentrations occurred within one to two feet below the trench bottom (Hagedorn et al., 

1981; Miles et al., 2007; Tyler et al., 1977).  In fact, research involving both column and 

field studies has shown that depending on soil type and conditions, vertical separation 

between 1 and 4 feet is enough to adequately remove bacteria and viruses (Bohrer & 

Converse, 2001; Brown et al., 1979; Hansel & Machmeier, 1980; Lance et al., 1976; 
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Lance & Gerba, 1984; Magdoff et al., 1974; Willman et al., 1981; Van Cuyk et al., 1999; 

Ziebell et al., 1974). 

 
2.7 Modeling On-site Wastewater Treatment Systems 
  
 Models are used to represent systems in order to examine aspects of a system or 

to predict future outcomes of a system that under normal circumstances would be 

difficult or impossible.  Models are not reality, but rather representations of reality.  

There are many different types of models.  Models can be of objects, such as model 

airplanes or scaled structures used by designers and engineers, or models can be 

mathematical representations of a system, such as a population growth model that uses a 

mathematical expression to predict population growth at some point in the future.   

Kloeden (1994) suggests that through modeling we seek to: 

1.) describe and understand the dynamical interactions and evolution of a real 

system; 

2.) analyze and simulate a model under conditions that may not be possible or 

practical in the real system; and 

3.) make predictions. 

 

With respect to modeling the risks associated with microbial contamination form 

on-site wastewater treatment systems, both survival and movement are the two main 

factors to consider when modeling the fate of microorganisms in the subsurface.  Survival 

is typically modeled using some form of decay, which is defined as the irreversible 

destruction of a contaminant by chemical, physical, or biological processes.  Movement, 

or transport, of microorganisms in the subsurface is typically modeled using advection, 

dispersion, and adsorption (Yate & Yates, 1991).  Advection, with regards to the 
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movement of microorganisms, can simply be described as the transport of 

microorganisms by the flow of water (Gerba et al, 1991). Similarly, dispersion, can be 

simply described as the mechanical mixing and spreading out of the microorganisms, 

considered to be in solution, as the water passes over soil particles.  Adsorption is the 

reversible or irreversible chemical binding of microorganisms to the surface of soil 

particles.   

There are several mathematical models available today which model microbial 

transport in porous media.  Typically, microbial movement is modeled as a contaminant 

using a modified form of the non-linear, partial differential advection-dispersion equation 

for solute transport, which incorporates the four factors affecting microorganism 

movement and survival mentioned above (Hurts, 1991; Tufenkji, 2007). However, 

several problems exist with using the advection-dispersion equation to model bacterial 

transport in the subsurface.   

The advection-dispersion equation assumes that the contaminant is in solution 

(Raina et al., 2009).  However, microorganisms are not transported as contaminants in 

solution but rather as colloids (Dickinson, 1991; Yates & Yates, 1991).  In addition, the 

decay rate of a microorganism is a highly variable parameter, spanning several orders of 

magnitude for a single organism, based on several complex and interrelated physical, 

chemical, and biological factors (Crane & Moore, 1986; Yates & Yates, 1991).  

Therefore, using a single decay rate or using an average decay rate for a group of 

microorganisms could result in inaccurate results in the solution to the advection-

dispersion model.  Furthermore, due to the fact that the decay rate is based on multiple 

environmental factors, obtaining a decay rate (even experimentally in the lab) relevant to 
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the particular situation being modeled would be very difficult.  In addition, the number of 

input parameter is very high.  Often estimations must be made for many of the unknown 

parameters because determination would be too costly.   

Very little work has been done on bacterial transport specifically in the vadose 

zone (Kim et al., 2008).  Physical characteristics of the vadose zone such as the presence 

of air further complicate bacterial movement through this zone with the addition of 

another phase (i.e., air) (Schafer et al., 1998).  More specifically, in addition to the factors 

that affect bacterial movement in the saturated zone (i.e., advection, dispersion, and 

adsorption), in the vadose zone there is also attachment of bacteria at the air-water 

interface (Kim et al, 2008).  Another type of bacterial flow model is the potential flow 

model, which assumes microorganisms flow with the water.  As a result, only two of the 

four processes previously described apply to this model, that is, advection and decay 

(Yates & Yates, 1991).  The major limitation to this model is that inactivation, or die-off, 

is the only removal mechanism included (in the unsaturated zone, adsorption is an 

important mechanism for removal). 

In general, there are four problems associated with adapting existing transport 

models to describe microbial transport (Dickinson, 1991): 

 
1.) important parameters are not directly measurable and/or are variable in the flow 

regime, 

2.) aquifer hydraulic properties are not measured or reported for many microbial 

studies, 

3.) microorganisms are not transported as contaminants in solution but as colloids, 

and 

4.) important factors in the behavior of microorganisms are not included in the 

governing equations. 
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Soil is not the natural habitat of fecal bacteria and other pathogenic microorganisms 

found in domestic wastewater and although they might experience a period of regrowth 

in the subsurface, they will eventually die-off or become inactivated (Gerba et al, 1991 

via Hurst).  A review by Crane & Moore (1986) provides several models for bacterial 

die-off under multiple environmental conditions.  They concluded that “…the simplest 

model, that of first order die-off kinetics, is the most advantageous…The first order 

model appears to accurately describe the die-off of bacteria under all conditions…” (pg. 

426) 

However, as noted previously the die-off rate constant is a highly variable 

parameter spanning several orders of magnitude for any specific bacterial type.   

 

2.7-1 Stochastic vs. Deterministic Modeling:  In a deterministic model there is no 

randomness involved in producing the model result, the output is always the same for a 

given input. Stochastic systems take into account random variations of processes over 

time and space, that is, random variation is describable by some probability distribution 

(Tumeo, 1994).  Put simply, a stochastic model, as its output, will provide the 

probability, or chance, that a value will occur within a given range of values.  

Stochasticity involves the fact that all natural processes have natural variations as a result 

of the variations in the input parameters used to describe the natural process (Tumeo, 

1994).  

To illustrate the difference between stochastic and deterministic models, consider 

the development of a model for a septic system.  A designer of a septic system would like 

to know the concentration of bacteria at three feet below the bottom of the trench of a 
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subsurface absorption system. A deterministic model would use a mathematical equation 

providing one single output to calculate the bacterial concentration three feet below the 

trench bottom.  The output from this deterministic model would provide one single 

estimate of concentration, according to the assumptions and simplifications of the 

underlying equations and the specific inputs provided.  However, as mentioned 

previously, there is variation in the input parameters used to describe natural processes.  

For example, site characteristics, such as water content, porosity, and permeability, are 

dependent upon soil type, which can vary a great deal throughout the site used for a 

septic system.  Typically, only characteristics of a single soil type are used as the inputs 

for the advection-dispersion equation.  As a result, the output from the deterministic 

model is not based on the actual soil conditions of the site, rather only one soil type from 

the site.   If compared to real-world data, the deterministic model may correlate some or 

even most of the time but not all.   

In contrast, a stochastic model, which takes into account the natural variation of 

input parameters, would not provide the exact concentration three feet below the trench 

bottom as its output but rather it would provide the probability, or chance, that the 

bacterial concentration would be within a certain range of values.   
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CHAPTER III 
 

PURPOSE 
 

The purpose of this project was to develop an easy to use stochastic model that 

will provide the “risk” of a bacterial contamination reaching a point below the subsurface 

absorption system as the result of specified input parameters.   Most of the models that 

examine fate and transport of contaminants, available and that are widely used today, are 

both complex and deterministic in nature.   

  Some of these models can be very complex requiring the solution of multiple, 

simultaneous, non-linear differential equations regarding hydraulic flow and contaminant 

transport in unsaturated porous media.  They are often data intensive, with required 

inputs being highly site specific (Hurst 1991).  In addition, many of the inputs (terms in 

the flow and transport equations relating to the hydraulic and soil characteristics of the 

site) are not readily available to designers and regulators.  Furthermore, in most models, 

microorganisms are typically modeled as contaminants in solution with regards to 

transport.  However, microorganisms are not transported as contaminants but as colloids 

(Hurst, 1991).   
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   As discussed in the Literature review section, deterministic models describe the 

behavior of a system based on physical laws.  In reality, natural systems are never 

completely deterministic; there are always unpredictable factors present that need to be 

taken into account.  As a result, exact prediction of a system is not possible.  However, a 

model that would predict the probability that particular value will occur at a particular 

time within a certain confidence interval (i.e., the probability that a contaminant 

concentration will reach a specified point in the subsurface absorption system) would be 

useful not only to designers and regulators but to the public as well.   

To address the shortcomings of commonly available models, the model developed 

in this project requires inputs that are site parameters any designer would readily have 

(e.g. LTAR, trench dimensions). Further, to address “risk”, the model is “stochastic” - 

that is, it does NOT provide the exact contaminant concentration at a point, but rather it 

will provide a conservative estimation of the probability of a given concentration at any 

selected distance below the trench bottom.   

This model is intended to be used in several ways: by regulators to aid in 

educating industry professionals and the public on the actual risks associated with 

contaminants, bacterial or otherwise, reaching the groundwater table; as a tool for land 

use planning by municipalities or county officials when developing or updating land use 

codes as well as a tool that can aid in the decision process of granting variances; and also 

by designers in determining the most appropriate treatment system for a specific site.  
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CHAPTER IV 
 

METHODS 
 
 
 
4.1 Model Framework 
 

Conceptually, the model is separated into three sections, or layers, corresponding 

to the three different zones the septic tank effluent will pass through: the trench, the 

biological layer or infiltration zone, and the native soil in the vadose zone.  In addition, a 

fourth and optional layer is available which represents horizontal transport through the 

native soil down-gradient from the trench.  The input parameters for the model are:  

 
• the daily design flow (gpd),  

• the long-term acceptance rate (LTAR) (gpd/ft2),  

• the trench material (chamber, extruded polystyrene, gravel, and sand) 

• the trench dimensions (i.e., length, width, depth) (ft)  

• design pipe size and depth of cover (in, ft),  

• the maximum allowable VSD (ft),  

• confining or limiting layer depth (ft),  

• horizontal distance of concern (if this option is selected) (ft), and the  

• sidewall factor (if any) corresponding to the biological layer growth on the 

sides of the trench. (unitless)  
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The output of the model is the probability distribution of the contaminant concentration at 

a specified point corresponding to the user specified desired vertical separation distance. 

The model provides the “risk”, or probability distribution, of a given contaminant 

concentration reaching a specified point. This final concentration is NOT the exact 

contaminant concentration corresponding to the user specified VSD that results from the 

given input loading rather it is a conservative estimation of the probability that a given 

contaminant concentration will reach a certain point (the user specified VSD) below the 

trench bottom of the subsurface soil absorption system. 

To model bacterial inactivation through the three zones, Chick’s Law of 

Disinfection was used.  The use of this equation requires the time of travel through each 

layer as an input.  The time of travel for each layer, or zone, is calculated from the flow 

rate into that zone.  Therefore, calculations of the flow rate and the time of travel are 

specific to a particular zone.  As a result, a detailed discussion regarding the flow rate and 

time of travel through a particular zone will be included below in the section 

corresponding to that zone. 

 

4.2 Bacterial Inactivation  
  

Determining the inactivation, or die-off, of pathogenic microorganisms in the 

environment is critical in developing management practices to minimize contamination of 

surface and groundwater when waste materials are applied to land (Crane & Moore, 

1985).   There are many factors that influence the inactivation of microorganisms in the 

environment.  However, as mentioned previously, the first order die-off equation appears 

to accurately model inactivation of microorganisms under many different conditions. 
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As a result, the driving mathematical equation used in this model to determine 

inactivation of pathogenic microorganisms is the bacterial decay equation proposed by 

Chick in 1908. Known as Chick’s Law of Disinfection, this equation is also the model of 

a simple first order reaction in chemical kinetics (Crane & Moore, 1985): 

 
 N = N0e-kt 
 
where, 
  
 N = the number of microorganisms (CFU/100ml) 
 N0 = the initial number of microorganisms (CFU/100ml) 
 k = the inactivation rate constant, or die-off constant (day-1) 
 t = contact time (day). 
 
The initial concentration, N0, was determined using field data of septic tank effluent over 

a six-month period.  In all, a total of seventy-five septic tank effluent samples containing 

fecal coliform concentration data were used to determine the mean and standard deviation 

for the initial input concentration for the model. 

The inactivation rate constant was determined for different soil types using field 

data from a study performed by Bohrer and Converse (2001) in which the dominant soil 

type under the distribution area of the septic system was determined and fecal coliform 

concentrations were determined every six inches up to 42 inches (3.5 feet).  Using an 

average saturated hydraulic conductivity for the soil type in the study, the time for the 

effluent to reach each sampling point was determined using the algebraic expression; 

distance (d) equals rate (v) ∗ time (t).  Rearranging, 

 t = d/v  
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or in terms of hydraulic conductivity, 
 

 t = d/k 
 
where, 
 
 t = time (day) 
 d = distance to each data point  (ft) 
 k =  average hydraulic conductivity of dominant soil type (ft/day). 
 
The concentrations taken from the Bohrer and Converse study were transformed to fit a 

bell curve by taking the natural log of each concentration.  The transformed fecal 

coliform concentrations were plotted as a function of time and the slope of the line, which 

is the inactivation rate constant, was determined (See Appendix A).  Finally, depending 

on the layer, the time parameter in the decay equation was determined (a detailed 

description is provided below).  Using this information, the concentration of 

microorganisms at the interface of each layer can be determined. 

 

4.3 Layer 1: The Trench 
 

In the first layer, the trench, the starting point is defined by the inputs for the 

model.  Due to saturated conditions in the trench and the limited amount of materials 

used to fill trenches, the time that the effluent will travel through this layer is based on the 

material used to fill the trench. The corresponding hydraulic conductivity of that material 

and filtration, if any, can be calculated using the travel time and the first order decay 

equation.  

The trench materials included in this model at this time are: sand, gravel, 

chambers, and extruded polystyrene.  Based on the compact structure and characteristics 

of the sand matrix, which allows for filtration to occur, the only material in this model in 
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which filtration in the trench will occur is sand.  As a result, when sand is selected as the 

trench material in the model, the travel time through the trench is calculated using the 

algebraic expression 

 d=v*t 
 
where the velocity (v) is taken as an average value of hydraulic conductivity for sand and 

the distance (d) is the vertical distance from the bottom of the pipe to the trench bottom.  

The value calculated for time of travel in the trench is then used in Chick’s Law along 

with the initial concentration and the inactivation rate constant (if sand is used) and the 

distribution of the concentration of microorganisms at the trench bottom is calculated and 

used as an input for the second layer, the biological layer.  

 When any other trench material is selected (i.e., gravel, chamber, extruded 

polystyrene), the travel time through the trench is taken as instantaneous, or zero.  As a 

result, the value for t in the first order decay equation is zero resulting in no inactivation 

of microorganisms in the trench.  In this case the input concentration distribution into the 

second layer, the infiltration zone, is the same as the input concentration into the trench.  

 
4.4 Layer 2: The Infiltration Zone 
 
 It should be noted that the biological layer develops over time as a result of 

ponding and is not present initially.  The situation when the biological layer is not 

presents occurs at system start up and is the point in time where the greatest amount of 

“risk” occurs. Therefore "start-up" could be used to present the largest probable 

contaminant concentration.  However, once the biological layer develops, reduction of 

bacterial concentrations, if any, will occur in this layer as a result of filtration, die-off, 

and the other numerous factors discussed in the literature review above.  The travel time 
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through this layer is calculated using the infiltrative surface area and the long-term 

acceptance rate (LTAR).   As mentioned previously, the LTAR is dictated by the physical 

characteristics of the biological layer and is a measure of the permeability of this layer.  

The infiltrative surface area is the surface area of the biological layer and is assumed to 

be equal to the surface area of the trench bottom.  In reality, the biological layer extends 

upward a portion of the trench wall due to the ponding that occurs in the trench. Known 

as the sidewall factor, not all states consider this portion of the biological layer as part of 

the infiltrative surface area.  As a result, there is an optional input parameter in the model 

that allows the sidewall factor to be taken into account for states that use this factor as 

part of the infiltrative surface area. The travel time through the biological layer is 

calculated by first determining the flow rate into the biological layer using the LTAR and 

the infiltrative surface area (ISA) of the trench:  

 
Flow (Q) = LTAR * ISA 

 
Then, dividing the volume of the biological layer by the flow: 
 
 t = V/Q 
 
where,  
 

t = time (day) 
Q = flow (ft3/day) 
V = volume of the biological layer (ft3).  

 
The corresponding contaminant concentration at the bottom of the infiltration zone is 

calculated using the first order decay equation with the time through the zone, the 

concentration that resulted at the bottom of the trench, and the inactivation rate constant 

for the biological layer as the inputs to the equation.  The distribution of the concentration 
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of microorganisms at the bottom of the infiltration zone is used as the input initial 

concentration into the final zone, the vadose zone.	
  

	
  
4.5 Layer 3: The Vadose Zone 
	
  

The resulting flow of the effluent concentration from the biological layer into the 

third layer, the vadose zone, is controlled by the LTAR.  As a result, the volumetric flow 

into the vadose zone is much slower than that of either of the above layers. Therefore, 

while the trench and infiltration layers are typically saturated, the natural soil below the 

trench is unsaturated.  Many models dealing with approximating fate and transport of 

contaminants in unsaturated porous media can be very complex, requiring several input 

parameters that might not be available to the intended users of this model.  As a result, 

saturated conditions are assumed for this portion of the model.  This assumption, while 

not the most accurate approach, allows for a much more simple yet conservative model to 

be used.  The time through this layer is calculated by dividing the user specified desired 

vertical separation distance (VSD) by the rate of flow through the layer, controlled by the 

saturated hydraulic conductivity corresponding to the dominant soil type of the vadose 

zone soil.  This formula is the same algebraic expression mentioned previously; distance 

(d) equals rate (v) times time (t): 

 
 t = VSD/Ksoil 
 
where, 
 
 t = time (days) 
 VSD = user specified vertical separation distance (ft) 
   
 Ksoil = the saturated hydraulic conductivity of the native soil underlying the trench 

(ft3/day/ft2 = ft/day)  
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Using the decay equation with the time through the layer, the concentration of 

microorganisms at the bottom of the infiltration zone, and the inactivation rate constant 

corresponding to the dominant soil type in the vadose zone the concentration of 

microorganisms at the user specified VSD is calculated.  As mentioned previously, this is 

not the exact concentration of microorganisms at the specified point; rather a probability 

distribution providing the “risk” that a concentration of microorganisms will reach the 

user specified point.  The final output of the model provides a conservative estimation of 

the probability that a contaminant concentration will reach a certain point below the 

trench bottom of the subsurface soil absorption system.   

 
4.6 Layer 4 (Optional): Horizontal Flow in the Vadose Zone 
 

As mentioned previously, horizontal flow of septic tank effluent can occur in the 

vadose zone as a result of any confining or limiting layer such as bedrock and will often 

occur once the effluent reaches the groundwater table.  As a result, a forth section was 

added to the model to account for this phenomena.  There are two additional inputs for 

this section, the depth to the confining layer and the horizontal distance of concern.  Due 

to the fact that this phenomenon is occurring in the vadose zone, the model assumes that 

the hydraulic conductivity in the native soil is isotropic.  Therefore, the rate of flow is the 

same as that calculated in the previous section.  Similarly, the time of travel to the 

horizontal distance of concern is calculated using the same equation as that in the 

previous section, except the distance variable, in this case, is the depth to the confining 

layer plus the horizontal distance of concern.  The time of travel to the horizontal distance 

of concern is calculated and used in the decay equation to calculate the concentration of 

microorganisms at the user specified distance. 
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4.7 Stochasticity in the Model 
 

All natural processes have vary naturally.  This natural variation (or 

"stochasticity" is modeled mathematically by variations in the input parameters used to 

describe the natural process. As discussed previously, many different environmental 

factors affect the inactivation of microorganism.  Therefore, to account for this variation 

in the model, the initial concentration and the decay rate "constant" in the first order 

decay equation, are treated as stochastic variables, meaning they are not "constant" but 

vary with a set probability around a mean value.  In contrast to a deterministic model, 

which would yield one unique output for each set of "constants" input, this stochastic 

model yields a range of outputs, or a distribution of probable concentrations, for the 

distribution of inputs, thereby taking into account the natural variation in the input 

parameters (i.e., the initial concentration and the decay rate constant).  

To accomplish this, the model uses a technique developed by Tumeo and Orlob 

(1989) , in which stochastic differential equations were used to derive the first order 

decay equation, resulting in a mean concentration with a deviation around the mean as a 

function of the random variations of the input parameters.  In the derivation, all terms, 

which contain a variation term, are separated from all terms containing only mean values 

resulting in two equations: 

 
 Mean Concentration: 
  

                                                                                                    (4-1) 
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 Variance of Concentration: 
                           

                                 (4-2) 

                               
 where, 
 
 σ0 = standard deviation of the initial concentration (CFU/100ml) 
 σk1 = standard deviation of k1 (day-1) 
 σC = standard deviation in initial concentration (CFU/100ml) 
 k1 = inactivation constant for the layer (day-1) 
  t   = time through layer, or contact time (days) 
 C0 = initial concentration (CFU/100ml). 
 
The first equation is simply the first order decay equation and the second equation is the 

variance containing only terms that involve a variation.  The reader is referred to Tumeo 

and Orlob (1990; 1989) for a complete discussion of the derivation of these stochastic 

equations.   

These equations were applied to each conceptual layer of the model resulting in a 

mean concentration and variance for each layer.  As mentioned before, the mean 

concentration that results from one layer is the input, or initial, concentration for the layer 

that follows.  Similarly, the variance that results from one layer is the input variance for 

the next layer.  In addition, as mentioned at the beginning of this chapter, the initial mean 

concentration and standard deviation (variance is the standard deviation squared) were 

taken from field data of septic tank effluent.  Furthermore, in determining the initial 

standard deviation the data used were transformed to fit a bell curve by taking the natural 

log of each data point.  As a result, the output is a range, or a probability distribution, of 

concentrations that reach a user specified point in the subsurface absorption system. 
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CHAPTER V 

 
MODEL CALIBRATION & VALIDATION 

 
 
 
5.1 Model Calibration 
 
  Once the model had been developed it was important to calibrate the 

model using existing field data.  Model calibration consists of changing the values of 

model input parameters in an attempt to match existing field data.  During the calibration 

process, it is important to use field data that accurately characterizes the conditions being 

modeled.  A successful calibration against valid field data will produce a much more 

reliable model.  

 Bacterial decay is the main aspect of the model that contains the most variation 

intrinsically.  As a result, decay (more specifically the decay rate constant) was the main 

parameter of focus in the calibration process. Prior to calibration, there was a large 

discrepancy between field data and model data when comparing bacterial concentrations 

in the infiltration zone and just beneath this zone in the first few inches of the vadose 

zone.  Beyond this area, upon visual inspection the data tended to match fairly well.  The 
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reason for the discrepancy between the model data and the field data is that the model, 

although programmed to accommodate the actions of the infiltration zone, does not. This 

is due to the lack of data regarding inactivation rate constants for this layer. In the model 

the inactivation rate constant is taken as zero resulting in no die-off in that region.  This 

discrepancy and corresponding lack of infiltration zone data will be discussed in greater 

detail below. 

 In order to account for the discrepancy between field data and model data 

mentioned previously it was necessary to incorporate into the model program an 

inactivation rate constant for the infiltration zone.  Lacking the necessary data for an 

inactivation rate constant from the literature, the infiltration zone inactivation rate 

constant was adjusted and incorporated into the model by calibrating the model to data 

published by Siegrist et al (2000).  This study was used because it not only contained 

field data that characterized conditions being modeled, but it also contained bacterial 

concentrations at incremental depths within the first few inches just beneath the 

infiltration zone.  Calibration of the decay constant involved changing the constant in the 

model incrementally and comparing the output of the model to the actual field data using 

the percent error calculation (See Table 5-1). When comparing the field data 

concentration to the model output concentration, it can be seen that there is a slight 

difference between the two values. This fact can also be seen when observing the percent 

error between the two values. Although it was possible to reduce this error, it was not 

practical due to the fact that inactivation rate constants are only reported to three 

significant figures.  As a result the inactivation rate constant at a depth of 0-2 inches 

(0.144) was incorporated into the model. 
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Table 5-1: Determination of inactivation rate constant for the infiltration zone to be 
incorporated into the model. 

 
 
 
5.2 Model Validation 
 
 As part of the model development and to test the underlying assumptions in the 

model, the model was validated against field data from an existing septic system.  Put 

simply, validation determines how well the model correlates with real-world data when 

input constants are NOT adjusted (as they are in calibration).   Field data was obtained 

from a study conducted by Bohrer and Converse (2001).  No other literature known to 

this author contained all the information needed to validate the model.  In fact, additional 

information not contained in the study conducted by Bohrer and Converse would have 

been useful in the validation process, however, a detailed discussion regarding this matter 

is presented below in the chapter titled “Conclusion & Future Directions”. 

 
5.2-1 Input for Validation: The Bohrer and Converse (2001) study focused on a septic 

system serving a three bedroom, single-family residence with an average daily water 

usage of 122 gallons per day.  The leaching field consisted of a two trenches, 95 feet in 

length by 5 ft in width and an overall depth of approximately 15 inches.  In addition to 

concentration data, the study included detailed information regarding site and design 

characteristics necessary to validate the model.  A summary of all input information taken 

from the study and used as the input to the model is shown in Table 5-2 and Table 5-3. 
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Table 5-2: Parameters used for validation taken from Bohrer and Converse (2001). 

 
 
 
Table 5-3: Field and model data after calibration of model with respect to 
infiltration zone inactivation rate constant. 

 
 
 
 
5.2-2: Study Results Used for Model Output Comparison:  During the Bohrer and 

Converse study, samples of septic tank effluent were taken and analyzed for fecal 

coliform concentrations and were reported in CFU/100ml (CFU-colony forming unit).  

Starting 1 inch below the distribution line, soil samples were taken every 6 inches below 

the line up to 42 inches (3.5 ft).  The samples were analyzed to determine fecal coliform 

concentrations.  The results were reported as median values in MPN/gram of soil (MPN-

most probable number). 

 In order to be used for the model, the incremental concentration data needed to be 

converted from MPN/gram of soil to CFU/100ml (for sample conversion See Appendix 

B).  First, a conversion was made from the mass of the soil to an equivalent volume of 

water.  This was accomplished using moisture content data, reported in the study as gram 
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of water per gram of soil, at each sample depth to determine the amount of moisture in 1 

gram of soil.  Multiplying this information by the density of water provides the volume of 

water occupied in the gram of soil. In addition to uncertainty resulting from minor 

variations in experimental procedure, estimating procedures for both MPN and CFU are 

by nature of the method intrinsically variable.    Furthermore, the MPN method is more 

variable than the CFU method with estimates for the MPN method being slightly higher 

than CFU estimates (Cho et al., 2010; Gronewold &Wolpert, 2008).   A regression model 

developed by Cho et al. (2010) for converting from MPN to CFU was used to make the 

final conversion.  A plot of field and model concentration data as a function of depth was 

made and a regression analysis performed to illustrate the degree of correlation between 

the model and field data (See Figure 5-1 and Appendix B). 

 
Figure 5-1: Plot of concentration vs. depth for both the field and model data sets. 
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5.2-3 Regression Analysis of Model versus Field Study Results: All input parameters 

corresponding to the field data were entered into the model program.  Using the 

concentration data, the input variable “minimum allowable VSD” was varied 

incrementally from 6 inches to 42 inches.  The output concentration was recorded for 

each depth.  As mentioned previously, using field and model data, concentration as a 

function of time was plotted.  The resulting graph showed that both sets of data 

resembled an exponential decay.  From Figure 5.1, it can be seen that at higher 

concentrations the data sets deviate slightly but as the concentrations decrease, the data 

sets follow an almost identical curve.  

 Using the transformed field data as the independent variable and the transformed 

model data as the dependent variable, a  linear regression analysis was performed to 

quantify the "goodness-of-fit" between the model and field data.. The correlation 

coefficient  (R2) was calculated to be 0.56.  The R2-value is an indication to the extent to 

which the model data represents the field data. A value of R2 = 0.56 indicates that 56% of 

the variance in the field data is represented by the model.  
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CHAPTER VI 

 
EXAMPLE MODEL APPLICATION 

 
 
 As stated previously, this model is intended to be used in several ways:  

• by regulators to aid in educating industry professionals and the public on the actual 
risks associated with bacterial contaminants,  reaching the groundwater table;  

• as a tool for land use planning by municipalities or county officials when 
developing or updating land use codes as well as a tool that can aid in the decision 
process of granting variances; and   

• by designers in determining the most appropriate treatment system for a specific 
site.   

 
Further, this model is risk-based approach to examining vertical separation distances in 

on-site wastewater treatment systems, which means that it will NOT provide the exact 

concentration at a specified point below the trench bottom of the subsurface absorption 

system but rather probability that a bacterial concentration will reach a specified point.  

As such, the model is intended to be used when making risk management decisions.  To 

demonstrate this use, a case study application is provided below. 

 
6.1 Case Study Scenario 
 
 To illustrate this point, take a scenario in which county officials want to set a 

vertical separation distance rule to help ensure that groundwater within their county is not 
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contaminated from on-site wastewater treatment systems. In order to do this, the officials 

are considering setting a county wide minimum vertical separation distance between the 

trench bottom of the subsurface absorption system and the groundwater table within their 

county. However, if one minimum vertical separation distance is set for the entire county 

it might restrict development of certain areas where the land might not meet the minimum 

vertical separation distance. However, the site could contain soils that are suitable to 

effectively treat septic tank effluent to the minimum distance or the on-site system could 

be designed to treat wastewater to an acceptable level within the minimum vertical 

separation distance.   

Instead of setting one minimum vertical separation distance for the entire county 

the officials decide to use this model program to consider the use of a risk-based 

approach which allows setting the minimum VSD for an on-site wastewater treatment 

system on a case-by-case basis.  Shortly after this decision a new family moves to the 

county and wants to build a house on a plot of land they own.  The home would require 

an on-site wastewater treatment system.  From the preliminary design of the system it has 

been determined that the groundwater table on the site would be approximately one foot 

from the trench bottom of the subsurface absorption system which creates a concern of 

groundwater contamination.  The information provided by the designer is used as the 

input to the model to determine the “risk” or probability that the contaminant 

concentration will reach a specified distance between the trench bottom and the 

groundwater table.   This will aid in making a decision as to whether or not it would be 

acceptable to allow the on-site system to be built. 
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6.1-1: Model Use:  To use the Excel© based model, the design parameters are input into 

the section marked “Input Design Parameters” (see Figure 6-1).   

Figure 6-1:  
Main page and Close-up graphic of the input section of  Excel© based model. 

 
 

 

 

 

 

 

 

	
  



	
   47	
  

The design of the system will have all of these parameters.  The input parameters 

“Pretreatment”, “Sidewall Factor”, “Confining Layer Depth”, and “Horizontal Dist. Of 

Concern” may or may not be needed depending on the situation.  In this scenario they are 

not used and therefore left blank (these 4 parameters are not necessary for the model to 

work).  Of particular importance is the “Max. Allowable VSD” input parameter.  In this 

scenario, the groundwater table is located at one foot below the trench bottom therefore 

the user input could either be one foot or some value more or less than that.  For example, 

one might want to use the model to determine the concentration probability distribution 

that occurs 6 inches below the trench bottom and therefore 6 inches above the 

groundwater table.   

Once the necessary input data has been entered, the output data will almost 

instantaneously appear (actual process time will depend on the speed of the computer 

being used).  The output screen is located just below the input screen on the main page of 

the program.  There are two output screens, one for situations in which there is no 

confining layer below the system and another for situations in which there is a confining 

layer below the system.  In this example there is no confining layer so the first output 

screen, the one titled “Program Output (no confining layer)”, is the one to be viewed (see 

Figure 6-2).   

The output is the user input vertical separation distance (VSD), the most probable 

concentration, and the probability that this concentration will reach the user specified 

VSD.  It should be remembered that this is NOT the exact concentration at this point.   
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Figure 6-2: Graphic of the “Program Output” Page and Close-up of “Program 
Output” showing the output of the model. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The output shows that from the given inputs, based on a 95% confidence level, 

the probability that the concentration shown in the output of the model (i.e., < 1 

CFU/100ml) is between 0.02 to 40.8 CFU/100ml.  Put more simply one can be 95% 

confident that at the level selected the concentration will be between 0.02 and 40.8 

CFU/100ml.  In reality, it is not possible for a concentration to be a fraction of a colony-

forming unit (e.g., .02 CFU/100ml).   Therefore, the result would be interpreted as that 

there is a 95% chance (probability) that the concentration at 6 inches below trench bottom 

is between 0 and 41 CFU/100ml.  That is, there is at most 41 CFU/100ml and at the very 
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least 0 (or no) CFU/100ml.  The model output could also simply be interpreted that there 

is a 95% probability that the groundwater will not get contaminated or that there is a 5% 

probability that contamination occurs.   

By nature of the model as a risk analysis, the interpretations of the results are 

subjective.  It may be acceptable for one community that there is a 5% probability that 

the bacterial levels might exceed 40 CFU/100ml.  Another community might consider 

this to be contamination and not find the result acceptable.  In the example provided, the 

result would be interpreted by the author as no contamination of groundwater.  Other 

circumstances may occur in which if contamination occurs, there is an adverse effect as a 

result.  For example, depending on whether or not the groundwater on the site is used by 

people for drinking or recreational purposes, the risk of contamination may not be an 

issue.  If no one drinks the contaminated water, no one will be infected.   

To illustrate the use of the second output screen, consider the same scenario 

described above with the same conditions except that instead of the groundwater table 1 

foot below the trench bottom, there is a confining layer of bedrock 10 inches below the 

bottom of the trench.  In addition to the confining layer, there is also a groundwater well 

located 20 ft from the system.  As mentioned previously, when water (and contaminated 

water) is flowing vertically through the subsurface encounters a confining layer, it will 

begin to flow horizontally.  This concept introduces one of the two additional input 

parameters for the second output screen of the model that is, the “Horizontal Distance of 

Concern”.  The other input parameter is the vertical distance to the confining layer or 

“Confining Layer Depth”.  The second output screen is used to determine the probability 
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of contamination occurring as a result of horizontal flow of contaminated water due to the 

interaction with a confining layer (See Figure 6-3 below). 

 
Figure 6-3: Graphic of second program output screen, “Program Output (Confining 
Layer Only). 

 
 
 
The use of the second output screen requires same inputs as in the previous scenario with 

the two additional inputs mentioned above.  It should be noted that for a “Horizontal 

Distance of Concern” greater than 3 feet, the model cannot calculate the range of values 

and probability of contamination due to the limitations of some of the equations used in 

the model with respect to the time parameter.  As time increases, variation in the model 

also increases which causes large, unrealistic confidence intervals in the model.  In 

addition, as mentioned previously, as bacterial contact time increases, inactivation also 

increases.  Therefore, the large confidence intervals are not practical or realistic. 
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CHAPTER VII 
 

CONCLUSION & FUTURE DIRECTIONS 
 
 

7.1 Conclusions 
  

A stochastic model has been developed that provides the probability of a 

contaminant concentration reaching a user specified point below the trench bottom of a 

subsurface absorption system.  The model has been calibrated and validated using 

existing field data.  However, limitations with the model exist that would benefit greatly 

from future work.  Although calibrated using data taken from literature, concentrations 

produced by the model are slightly lower than that reported in field data for the vadose 

zone. As a result, this section of the model should be recalibrated to produce a more 

conservative output concentration.  In addition, there is an absence of inactivation rate 

constant data in the literature for the infiltration zone.  This fact lead to the use of an 

inactivation rate constant that was a product of model calibration and not one that was 

reported in literature.  As a result, the value for the inactivation rate constant for the 

infiltration zone is only theoretical.  In general, the model would benefit from improved 

data regarding inactivation rate constants.  Furthermore, as mentioned previously, the 

model produces unrealistic confidence intervals in situations with horizontal separation 
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distances larger than approximately three feet.  This is attributable to the lack information 

in the literature with regards to inactivation rate constant variation over time. 

 

7.2 Future Work 
 
7.2-1: Improved Model Calibration: From the calibration, validation, and 

regression analysis in Section 5, it can be seen that there is variation between the model 

output concentration data and real-world data.    The field data and the data produced by 

the calibrated model (See Table 5-2) correlate only with respect to the concentrations at 

the upper end of the vadose zone.  It appears as though die-off, and therefore the 

inactivation rate constant, is described accurately for the infiltration zone region of the 

model program.  Although die-off in the vadose zone was calibrated through the use of 

inactivation rate constants corresponding to different soil types taken from existing 

literature, it appears that die-off in the vadose zone occurs much faster in the model 

program than in the reality described by the field data.  As a result, this portion of the 

model should also be recalibrated against field data, similar to the calibration of the 

infiltration zone inactivation rate constant, in order to produce bacterial die-off that is 

more representative of the real world. 

In order to understand this variation more clearly, a sensitivity analysis was 

performed on the inactivation rate constant for the infiltration zone and the vadose zone 

as well as on the hydraulic conductivity in the vadose zone.  A sensitivity analysis is a 

study of how the variation in the output of mathematical model can be apportioned, 

qualitatively or quantitatively, to different sources of variation in the input of the model 
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(Saltelli et al., 2008).  Put more simply, it is a way to understand how the model responds 

to the effects of changes in input parameters.   

 
7.2-2: Inactivation Rate Constant for the Infiltration Zone: The sensitivity analysis 

for the infiltration zone was performed by varying the inactivation rate constant for the 

infiltration zone at three depths (2, 4, and 6 inches) and recording the output for that 

specific layer at that specific depth (not the output of the entire model). In addition, the 

change in concentration per incremental change in inactivation rate constant was also 

determined at the same three depths.  The results are presented in Tables 7-1 and 7-2 and 

in figures 7-1 and 7-2 

Table 7-1: Incremental changes in the inactivation rate and the corresponding 
outputs from that layer at 3 different depths in the infiltration zone (i.e., biological 
layer). 
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Table 7-2:  The change in output concentration for incremental changes in the 
inactivation rate constant at 3 different depths in the infiltration zone (i.e., biological 
layer). 

 
 
 
 
 
 
Figure 7-1: Concentration as a function of inactivation rate constant for the 
infiltration zone (biological layer). 
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Figure 7-2:  Change in concentration as a function of inactivation rate constant for 
the infiltration zone (biological layer). 

 
 
 

It can be seen from the tables and graphs that both the output concentration for the 

infiltration zone (Table and Figure 7-1) and the change in output concentration for the 

infiltration zone (Table and Figure 7-2) both decrease with increasing inactivation rate 

constant, as would be expected.  In addition, as the depth of the biological layer 

increases, the output concentration also decreases.   

The results of this sensitivity analysis highlight the importance and necessity of 

using accurate inactivation rate constant data in the model.  At present, accurate data is 

lacking, if existent at all.  As mentioned previously in chapter 5, prior to calibration, there 

was a large discrepancy between field data and model data when comparing bacterial 

concentrations in the infiltration zone and just beneath this zone in the first few inches of 

the vadose zone.  Through calibration it was determined that this was largely due to the 

lack of inactivation rate constant data for the infiltration zone and its incorporation into 

the model resulting in no inactivation for the infiltration zone in the model.  Once 

calibrated, it was shown in Figure 5-1 and Table 5-1 that, although the concentrations 
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representing the model data are slightly lower than those of the field data, overall they 

follow a similar pattern. 

 
7.2-3: Inactivation Rate Constant for the Vadose Zone:  The same procedure outlined 

in section 7.2-2 was used to perform a sensitivity analysis on the inactivation rate 

constant for the vadose zone.  The vadose zone inactivation rate constant was varied 

incrementally at 4 depths (6, 18, 30, 42 inches) and the model output concentration was 

recorded in order to determine the effect of vadose zone inactivation rate constant on the 

output of the model.  The results are presented below in Table 7-3 and Table 7-4 as well 

as illustrated graphically in Figure 7-3 and Figure 7-4. 

 
Table 7-3: Incremental changes in the inactivation rate and the corresponding 
outputs for the model at 4 different depths in the vadose zone. 
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Table 7-4:  The change in output concentration for incremental changes in the 
inactivation rate constant at 4 different depths in the vadose zone. 

 
 
 
 
 
 
Figure 7-3:  Concentration as a function of inactivation rate constant for the vadose 
zone at 4 different depths. 
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Figure 7-4:  Change in concentration as a function of inactivation rate constant for 
the vadose at 4 different depths. 

 
 
 

Results similar to the sensitivity analysis for the infiltration zone can be seen 

when analyzing the information in Tables 7-3 and 7-4 as well as, Figures 7-3 and 7-4.  

That is, the output concentration of the model decreases with increasing vadose zone 

inactivation rate constant as well as decreases with increasing depth.   Again, these results 

highlight the importance and necessity of using accurate inactivation rate constant data in 

the model.  However, as highlighted in section 7.2-1, although calibrated through the use 

of inactivation rate constants taken from existing literature, die-off in the vadose zone 

occurs much faster in the model program than in the reality described by the field data.  

This result can be largely attributed to the natural variation that occurs in the die-off 

equation, or more specifically in the inactivation rate constant.  Values for the 

inactivation rate constant reported in the literature will only provide rough estimates for 

use in the model.   
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7.2-4: Hydraulic Conductivity in the Vadose Zone:  Again, the same procedure used 

above was used to perform a sensitivity analysis on hydraulic conductivity.  The 

hydraulic conductivity was varied incrementally from 0 to 180 gpd/ft2 and the resulting 

average concentration examined at 4 different depths (6, 18, 30, 42 inches).  In addition, 

the change in concentration for each incremental change in hydraulic conductivity was 

determined.  The results are presented below in Table 7-5 and Table 7-6.  A plot was 

made of the concentration as a function of hydraulic conductivity as well as, a plot of the 

change in concentration as a function hydraulic conductivity.  The graphs are presented in 

Figure 7-5 and Figure 7-6 below. 

Table 7-5: Incremental change in hydraulic conductivity and the corresponding 
output concentrations at 4 different depths. 

 
 
Table 7-6: Change in concentration as a result of incremental change in hydraulic 
conductivity at 4 different depths. 
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Figure 7-5:  Concentration as a function hydraulic conductivity at 4 different 
depths. 

 
 
 
Figure 7-6:  Change in concentration as a function of hydraulic conductivity at 4 
different depths. 

 
 
 
It can be seen from Figure 7-5 and Figure 7-6 that below a vadose zone depth of 6 inches 

(i.e., vadose zone depth of 18, 30, and 42 inches) there is very little change in model 

output concentration as a result of hydraulic conductivity.  Due to the fact that output 

concentration also decreases with increasing depth, this result could be attributed to the 
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fact that bacterial inactivation which, directly effects output concentration, increases with 

increasing depth.  In addition, the results also show that within the first six inches below 

the trench bottom, increasing hydraulic conductivity results in an increase in model 

output concentration.  Simply put, the faster effluent moves through the first 6 inches 

below the trench bottom the less time is available for inactivation to occur. At increasing 

depths beyond 6 inches, although there is still less time for inactivation, overall 

inactivation is greater than at more shallow depths.  Comparing all three sensitivity 

analyses, it can be seen that the inactivation rate constant (both infiltration and vadose 

constants) has a much greater effect on model output concentration than hydraulic 

conductivity.  This can be seen when comparing Figures 7-2, 7-4, and 7-6.  The 

magnitude of the change in concentration for both Figures 7-2 and 7-4 is much greater 

than that for Figure 7-6.  In Figure 7-6, the magnitude of change in concentration is 

minimal for depths below 6 inches beneath the trench bottom. 

 
7.2-5 Summary:  The fact that values reported in the literature for vadose zone and 

infiltration zone inactivation rate constants could only provide rough estimates for use in 

models highlights the importance of a stochastic, or risk-based, approach for examining 

bacterial concentrations within the vadose zone as a result of on-site wastewater 

treatment systems.  In addition, as depth increases within the vadose zone the output 

concentration becomes more variable, that is the confidence interval increases 

exponentially as the model output concentration decreases.  This is directly attributed to 

the fact that the equation used to calculate the variance (equation 4-2) contains time as a 

variable and uncertainty by nature increases with time.  For example, it is easier to 

predict the whether a few hours from now than it is to predict it a few days from now.  
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However, as mentioned previously, bacterial inactivation increases with time resulting in 

a discrepancy within the model with regards bacterial inactivation over time. 

 
7.3 Future Directions 
 
Based on the conclusions above, there are two major areas, which would benefit from 

further research.  These areas are: 

 
• Inactivation rate constant for the infiltration zone (biological layer) 
• Inactivation rate constant for the vadose zone 

 
As mentioned previously, due to the natural variation involved in the inactivation rate 

constant, there is a need for a better understanding of how parameters mentioned in 

chapter 2 (e.g., soil temperature, pH, moisture content…etc) effect bacterial inactivation 

in the vadose zone.  In addition, as shown in the sensitivity analysis regarding the 

infiltration zone, this layer is also very important with regards to bacterial inactivation 

within on-site wastewater treatment systems.  Further research into how this layer 

functions would also benefit this model as well the understanding of how on-site 

treatment systems function in general.  Furthermore, once research was conducted in 

these areas, the model should be re-calibrated and re-validated using the new data in 

order to produce a more accurate model. 



	
   63	
  

BIBLIOGRAPHY 
 

Ayres Associates. 1993. Onsite Sewage Disposal System Research in Florida: An 
Evaluation of Current OSDS Practices in Florida. Report to the Department of 
Health and Rehabilitative Services, Environmental Health Program, Tallahassee, FL 
Ayres Associates, Madison, WI. 

 
Bicki, T.J. and R.B. Brown (1990); “On-Site Sewage Disposal: The importance of the 

wet season water table”, Journal of Environmental Health, Vol.52(5), pp. 277-279. 
 
Bohrer, R. M. and J. C. Converse (2001): “Soil treatment performance and cold weather 

operations of drip distribution systems.” Pp. 661-583 in On-site wastewater treatment. 
Proceedings of the Ninth National Symposium on Individual and Small Community 
Sewage Systems (K. Mancl, editor) Fort Worth, Texas, 11-14 March, 2001 American 
Society of Agricultural Engineers, publishers. 

 
Bouma, J. 1975. Unsaturated flow during soil treatment o septic tank effluent. J. Am. 

Soc. Civ. Eng. 01(EE6): 967-983. 
 
Brown, K.W., H.W. Wolf, K.C. Donnelly and J.F. Slowey, 1979. "The Movement of 

Fecal Coliforms and Coliphages Below Septic Lines", J. Environmental Quality 
8:121-125.  

 
Burge, W.D. and P.B. March. 1978. Infectious disease hazards of landscaping sewage 

wastes. Journal of Environmental Quality. 7:1-9 
 
Canter, L.W. and R.C. Knox. Septic Tank System Effects on Ground Water Quality. 

Chelsea: Lewis, 1985 
 
Carodona, M.. 1998. Nutrient and Pathogen Contri- butions to Surface and Subsurface 

Waters From On-site Wastewater Systems - A Review. North Carolina State 
University Cooperative Extension Service. 

 
Chick, H., 1908. “An investigation of the laws of disinfection.”, Journal of Hygiene 8:92. 
 
Crane, S.R., & Moore J.A. (1985). Modeling enteric bacterial die-off: A review. Water, 

Air, & Soil Pollution, 27(3-4), 411-439. ISSN: 0049-6979.  DOI: 
10.1007/BF00649422.   

 
Crane, S. R., P. W. Westerman and M. R. Overcash.  1980.  Die-off of fecal indicator 

organisms following land application of  poultry manure.  Journal of Environmental 
Quality 9(3):531-537. 

 
Charbeneau, R.J. (2000). Groundwater Hydraulics and Pollutant Transport. Upper 

Saddle River, NJ: Prentice-Hall, Inc. 
 



	
   64	
  

Crites, R.C. and  G. Tchobanoglous. 1998. Small and Decentralized Wastewater Systems.  
McGraw-Hill Publishing Company, Boston.  

 
Davis, Mackenzie, and David Cornwell. Introduction to environmental engineering. 4th. 

New York, NY: McGraw-Hill Science/Engineering/Math, 2008. Print. 
 
Dullien, F.A.L. 1979. Porous Media, Fluid Transport and Pore Structure. Academic 

Press, Inc.,New York. 
 
Dunlop, S.G.: 1968, in C. W. Wilson and F.E. Beckett (eds.), Municipal Sewage Effluent 

for Irrigation,Louisiana Tech. Alumni Foundation, Ruston, LA, pp. 107-122. 
 
Field, J. P., K. L. Farrell-Poe and J.L. Walworth (2007): “Comparative treatment 

effectiveness of conventional trench and seepage pit systems.” Water Environment 
Research, Vol. 79(3), pp. 310-319  

 
Fierer, N., A.S. Allen, J.P. Schimel, and P.A. Holden. 2003a. Controls on microbial CO2 

production: A comparison of surface and sub-surface soil horizons. Global Change 
Biol. 9:1322–1332. 

 
Fierer, N., J.P. Schimel, and P.A. Holden. 2003b. Variations in microbial community 

composition through two soil depth profiles. Soil Biol. Biochem. 35:167–176. 
 
Gerba, C.P., C. Wallis, and J.L. Melnick. 1975. Fate of wastewater bacteria and viruses in 

soil. J. Irr. Drain Div. Amer. Soc. Civil Eng. Vol. 101, pp. 157-175. 
 
Hagedorn, C., E.L. McCoy, and T.M. Rahe, 1981. "The Potential for Ground Water 

Contamination from Septic Effluents", J. Environmental Quality 10:1-8.  
 
Hall, S. Washington State Department of Health, Office of Environmental Health & 

Safety. (1990). Vertical Separation: A review of available scientific literature and a 
listing from fifteen other states Olympia, Washington: Washington State Department 
of Health 

 
Hansel M.J., and R.E. Machmeier, 1980. "Onsite Wastewater Treatment on Problem 

Soils", Journal of Water Pollution Control Federation, 52(3):548-558. 
 
Holden, P. A., N. Fierer. 2005. “Vadose zone microbial processes”, Vadose Zone 

Journal. 4:1-21. 
 
Hipel, Keith (Ed). Stochastic & Statistical Methods in Hydrology and Environmental 

Engineering: Stochastic and Statistical Modeling with Groundwater & Surface Water 
Applications. 2. Netherlands: Kluwer Academic Publishers, 1995. Print. 

 
Hurst, C.J. (Ed.). Modeling the environmental fate of microorganisms. 1st. Washington, 

D.C.: ASM Press, 1991. Print. 



	
   65	
  

 
Jones, J. H. and G. S. Taylor. 1965. “Septic Tank Effluent Percolation Through Sands 

Under Laboratory Conditions.” Soil Science. 99(5), 301–309. 
 
Kibbey H J, Hagedorn C, McCoy E L. Use of fecal streptococci as indicators of pollution 

in soil. Appl Environ Microbiol. 1978;35:711–717 
 
Kim M-K, Kim S-B, Park S-J. 2008. Bacteria transport in an unsaturated porous media: 

incorporation of air-water interface area model into transport modeling. Hydrological 
Processes, 22(13):2370 – 2376. DOI: 10.1002/hyp.6799. 

 
Klein, D. A., and L. E. Casida, Jr. 1967. Escherichia coli die-out from normal soil as 

related to nutrient availability and the indigenous microflora. Can. J. Microbiol. 
13:1461-1470. 

 
Kreissl, J.F. 1982. Evaluation of State Codes and Their Implications. In Proceedings of 

the Fourth Northwest On-Site Wastewater Disposal Short Course, September, 
University of Washington, Seattle, WA 

 
Lance, J.C., C.P. Gerba and J.L. Melnick, 1976. "Virus Movement in Soil Columns 

Flooded with Secondary Sewage Effluent." Applied Environmental Microbiology 
32:520-526. 

 
Lance, J.C. and C.P. Gerba, 1984. "Virus Movement in Soil During Saturated and 

Unsaturated Flow", Applied Environmental Microbiology 47:335-337.  
 
Lowe, K.S. and R.L. Siegrist. 2007. Controlled Field Experiment for Performance 

Evaluation of Septic tank Effluent Treatment during Soil Infiltration.  J. Env. Eng.  
134(2):93-101. 

 
Magdoff, F.R., D.R. Keeney, J. Bouma and W.A. Ziebell, 1974. "Columns Representing 

Mound-Type Disposal of Septic Tank Effluent: II. Nutrient Transformations and 
Bacterial Populations", J. Environmental Quality 3:228-234.  

 
Menzies, J. D.: 1977, in Soils for Management of Organic Wastes and Wastewaters, 

Chapter 22, Madison, WI, pp. 574-578. 
 
Miles, R.J., R. Rubin, and L.T. West. 2007. Fecal Coliform Distribution Under Pressure 

Dosed Onsite Wastewater Systems. Proc. 11th Individual and Small Community 
Sewage Systems Conference., Oct. 20-24, 2007. Warwick, Rhode Island. Published 
by the American Society of Agricultural and Biological Engineers. 

 
Newland, J.K. 2003. Home Sewage Disposal Systems: A Comparison of Failing and 

Non-failing Systems. Cleveland State University. Thesis. 



	
   66	
  

Otis, R.J., J.C. Converse, B.L. Carlile and J.E. Witty, 1977. "Effluent Distribution", 
Home Sewage Treatment, American Society of Agricultural Engineers, Publication 5-
77, St. Joseph, MI.  

 
Pekdeger, A. 1984. Pathogenic bacteria and viruses in the unsaturated zone. p. 195-206 

IN B. Yaron, G. Dagan, and J. Goldshmid (eds.) Pollutants in Porous Media. 
Springer-Verlag, Berlin, Germany. 

 
Plews, G.D. 1977. The Adequacy and Uniformity of Regulations for Onsite Wastewater 

Disposal—A State Viewpoint. In Proceedings of the National Conference on Less 
Costly Treatment Systems for Small Communities. U.S. Environmental Protection 
Agency, Cincinnati, OH. 

 
Radcliffe, David E., Philip D. Freshly and Larry T. West. 2009. Spreadsheet for 

Estimating Long Term Asseptance Rate for On-Site Wastewater Systems in Georgia. 
In Proceedings of the 2009 Georgia Water Resources Conference, April 27-29, 
University of Georgia, Athens, Georgia. 

 
Maier, Raina, Ian Pepper, and Charles Gerba. (2009). Environmental microbiology. 

Academic Press. Print. 
 
Roberson, John, John Cassidy, M. Chaudhry, and . Hydraulic Engineering. 2nd. New 

York, NY: John Wiley & Sons, Inc., 1998. Print. 
 
Sawyer, Clair, Perry McCarty, and Gene Parkin. Chemistry for environmental 

engineering and science. 5th. New York, NY: McGraw-Hill 
Science/Engineering/Math, 2003. Print. 

 
Saltelli, A., Ratto, M., Andres, T., Campolongo, F., Cariboni, J., Gatelli, D. Saisana, M., 

and Tarantola, S., 2008, Global Sensitivity Analysis. The Primer, John Wiley & Sons. 
 
Schafer A., P. Ustohal, H. Harms, F. Stauffer, T. Dracos, and A. J. B. Zehnder. (1998). 

Transport of bacteria in unsaturated porous media, J.Contam. Hydrol., 33, 149–169. 
 
Siegrist, R. L. and W. C. Boyle. 1987. “Wastewater Induced Soil Clogging 

Development.” J. Environ. Eng. 113(3), 550–566. 
 
Siegrist, Robert L., Sheila Van Cuyk, Sarah Masson, and Elizabeth Fischer. 2000. Field 

Evaluation of Wastewater Soil Absorption Systems with Aggregate-Free and 
Aggregate Laden Infiltrative Surfaces. Report for Infiltrator Systems, Inc. Old 
Saybrook, Connecticut. 

 
Siegrest, R.L. , Tyler, E.J. & Jenssen, P.D. 2001. Design and Performance of Onsite 

Wastewater Soil Absorption Systems . Proceedings of the national Research Needs 
Conference Proceedings: Risk-Based Decision Making for Onsite Wastewater 
Treatment (pp. 1-48). Palo Alto: Electric Power Research Institute, Inc. 



	
   67	
  

Siegrist, R.L., J. McCray, L. Weintraub, C. Chen, J. Bagdol, P. Lemonds, S. Van Cuyk, 
K. Lowe, R. Goldstein, and J. Rada. 2005. Quantifying Site-Scale Processes & 
Watershed-Scale Cumulative Effects of Decentralized Wastewater Systems.  National 
Decentralized Water Resources Capacity Development Project. Washington 
University, St. Louis, MO: 2003  WUHT-02-27.  587 pg. 

 
Siegrist, R.L., K.S. Lowe, J.E. McCray, J. Munakata-Marr, J.E. Drewes, J.R. Spear, and 

J.E. Tomaras.  2007.  “Advancing the Science and Engineering and Integration of On-
Site Wastewater Systems,” in Innovation and technology for On-Site Systems: 
Proceedings of On-Site ‘07 Conference, R.A. Patterson and M.J. Jones, Eds.  Lanfax 
Laboratories, Armidale, Australia.  p. 27 - 34. 

 
Stewart, L. W. and R.B. Reneau, Jr. (1981): “Spatial and Temporal Variation of Fecal 

Coliform Movement Surrounding Septic Tank-Soil Absorption Systems in Two 
Atlantic Coastal Plain Soils.” Journal of Environmental Quality, Vol. 10(4), pp. 528-
531. 

 
Tufenkji, N. 2007. Modeling microbial transport in porous media: Traditional approaches 

and recent developments. Adv. Water Resour. 30:1455–1469. 
 
Tumeo, M.A., J. Newland. 2009 Survey of the home sewage disposal systems in 

northeast Ohio. Journal of Environmental Health 72(2):17-22. 
 
Tumeo, Mark A. (1994); "The Meaning of Stochasticity, Randomness and Uncertainty in 

Environmental Modeling".  (pp. 33-40).  In Stochastic and Statistical Modeling with 
Groundwater and Surface Water Applications (K.W. Hipel, editor).  Kluuwer 
Academic, Publishers, 372 pp. 

 
Tumeo, M.A. and G.T. Orlob (1990).   A Techniques for the Assessment of Uncertainty 

in Water Quality Models Used for Public Health Risk Analysis, Contribution 201, 
ISSN 0575-4941, California Water Resources Center, University of California, 
publishers , December 1990. 

 
Tumeo, M.A., and G.T. Orlob (1989);  "An Analytic Technique for Stochastic Analysis 

in Environmental Models".  Water Resources Research,  Vol. 25, No. 12, pp. 2417-
2422. 

 
Tyler, E.J., R. Laak, E. McCoy and S.S. Sandhu, 1977. "The Soil as a Treatment 

System." Home Sewage Treatment. American Society of Agricultural Engineers 
Publication 5-77, St. Joseph, Michigan.  

 
Tyler, E.J., M. Milner, and J.C. Converse. 1991. “Wastewater Infiltration from Chamber 

and Gravel Systems. On-Site Wastewater Treatment.” Proceedings of the Sixth 
National Symposium on Small sewage Systems. Publication 10-91, 214-222. 
American Society of Agricultural Engineers, St. Joseph, MI.  



	
   68	
  

Tyler, E. Jerry and Laura Kramer Kuns. 2000. Designing with Soil: Development and 
Use of a Wastewater Hydraulic Linear and Infiltration Loading rate Table. 
Conference Proceedings. NOWRA. Grand Rapids, MI. 
http://www.soils.wisc.edu/sswmp/SSWMP_4.42.pdf 

 
U.S. Census Bureau. 1999. 1997 National Data Chart for Total Occupied Housing Units. 

<http://www.census.gov/hhes/www/housing/ahs/97dtchrt/tab2-6.html>. 
 
U.S. Department of Commerce-Bureau of the Census. “Housing Then and Now”, March 

25, 1997. Oct. 2002 http://web.lexis-nexis.com/statuniv/docum. 
 
USEPA. 1980a. Design Manual for Onsite Wastewater Treatment and Disposal Systems. 

U.S. Environmental  Protection Agency Municipal Environmental Res. Lab., 
Cincinnati, Ohio.  

 
USEPA. (2002). Onsite wastewater treatment systems manual, EPAl625, R-OOIOOB, 

Office of Water, Washington, D.C., (www.epa.gov/ORD/NRMRLIPubs/625R00008) 
(November 22, 2006). 

 
Van Cuyk, S., R.L. Siegrist, A. Logan, S. Masson, E. Foischer, and L. Figueroa. 1999. 

Purification of wastewater in soil treatment systems as affected by infiltrative surface 
character and unsaturated soil depth. Proc. 72nd  Annual Exhibition and Tech. Conf. 
on Water Qual. And Wastewater Treatment., Oct. 9-13, 1999. New Orleans, LA. 
Water Environment Federation. Alexandria, VA. 

 
Wayland, R.H., & Oppelt, E.T. U.S. Environmental Protection Agency, Office of Water 

& Office of Research and Develpoment. (2002). Onsite Wastewater Treatment 
Systems Manual (EPA/625/R-00/008).  

 
Willey, Joanne, Linda Sherwood, Christopher Woolverton, and Lansing Prescott. 

Prescott's Principals of Microbiology. New York, NY: McGraw-Hill, 2009. Print. 
 
Willman, B.P., G.W. Peterson and D.D. Fritton, 1981. "Renovation of Septic Tank 

Effluent in Sand-Clay Mixtures", J. Environmental Quality 10:439-434. 
 
Yates, M.V., and S.R. Yates. 1988. Modeling microbial fate in the subsurface 

environment. Crit. Rev. Environ. Control. 17:307-344. 
 
Ziebell, W.A., D.H. Nero, J.F. Deininger and E. McCoy, 1974, Use of Bacteria in 

Assessing  Waste Treatment and Soil Disposal Systems." Home Sewage Treatment, 
American Society of Agricultural Engineers Publication Proc-175, St. Joseph, MI, 
p.58. 



	
   69	
  

Appendix A 
Determination of Inactivation Rate Constant 
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Appendix B 
Linear Regression 
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