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Abstract: 

Onsite wastewater treatment systems (OWTS) are an important part of water 
management infrastructure in the United States. Thus, proper OWTS selection, design, 
installation, operation and management are essential. To aid this life-cycle, a toolkit was 
developed to enable evaluation and design of expected STU performance. The toolkit is 
comprised of this Guidance Manual, a companion Toolkit User’s Guide, individual tools, and 
supplemental information. This framework provides detailed information to less experienced 
user’s while enabling more experienced users to start directly with STUMOD or other tool 
implementation referring to limited sections of the Guidance Manual or User’s Guide.  

The toolkit was developed for a wide range of users faced with different needs of varying 
complexity when evaluating treatment of nitrogen, microbial pollutants (bacteria and virus), and 
organic wastewater contaminants (OWCs). Progressing through simple to more complex tools 
ultimately guides the user to the simplest tool that is appropriate, but discourages using a tool 
that is too simple for the decision at hand. The simplest tools include look-up tables and 
cumulative frequency distributions (CFDs) to direct the user to available pertinent information. 
Nomographs enable initial screening and quick insight into expected nitrogen removal based on 
the predicted output from STUMOD. Cumulative probability graphs illustrate modeling results 
in a risk-based framework while numerical model simulations demonstrate the usefulness of 
complex tools. Finally, two spreadsheet tools were developed, N-CALC and STUMOD, 
allowing the user to evaluate a range of STU operating conditions, soil hydraulics, and/or 
treatment parameters, as well as the relative influence of these factors on performance. 

 

Benefits: 

♦ Provides an explanation of soil treatment processes for design-of-performance based 
onsite wastewater treatment systems. 

♦ Tools in the toolkit were developed with a basis in rigorous experimental data.  

♦ Toolkit is hierarchical in nature and diverse with regard to breadth of tools provided. 

♦ Uses decision diagrams to illustrate the frequent steps incurred during the STU design 
and guides the user to appropriate tools and input parameter selection. 

♦ Provides tools within the toolkit that incorporate a risk-based approach to evaluate the 
uncertainty in STU performance compared to treatment goals. 

♦ Provides hundreds of visual-graphic tools (nomographs, cumulative probability graphs, 
and scenario illustrations).  

♦ Provides STUMOD and N-CALC as MicrosoftTM Excel files. 
 

Keywords:  Soil treatment unit, onsite wastewater design, treatment, and performance. 

 

ABSTRACT AND BENEFITS 



 vi 

 
 
Acknowledgements ........................................................................................................................ iii 
Abstract and Benefits .......................................................................................................................v 
List of Tables ............................................................................................................................... viii 
List of Figures ................................................................................................................................ ix 
List of Acronyms ........................................................................................................................... xi 
Executive Summary ...................................................................................................................ES-1 
 
1.0 Introduction .................................................................................................................... 1-1 
 1.1 Background and Motivation ................................................................................ 1-1 
 1.2 Project Objectives and Approach......................................................................... 1-2 
 1.3 Using This Guidance Manual and Toolkit ........................................................... 1-3 
  1.3.1 Toolkit Components................................................................................. 1-3 
  1.3.2 Using Tools for Decision Making............................................................ 1-4 
  1.3.3 Guidance Manual Organization ............................................................... 1-6 
 
2.0 Tool Description ............................................................................................................. 2-1 
 2.1 Tool Development ............................................................................................... 2-3 
 2.2 Tool Description .................................................................................................. 2-4 
  2.2.1 Spreadsheet Tools .................................................................................... 2-4 
   2.2.1.1  N-CALC ...................................................................................... 2-4 
   2.2.1.2  STUMOD .................................................................................... 2-5 
  2.2.2 Visual Graphic Tools ............................................................................... 2-7 
   2.2.2.1  Look-Up Tables .......................................................................... 2-7 
   2.2.2.2  Cumulative Frequency Distribution Diagrams ........................... 2-8 
   2.2.2.3  Nomographs ................................................................................ 2-9 
   2.2.2.4  Model Output (Scenario) Illustrations using HYDRUS ........... 2-12 
  2.2.3 Supplemental Information ..................................................................... 2-14 
   2.2.3.1  Decision Protocol ...................................................................... 2-15 
   2.2.3.2  Literature Review...................................................................... 2-15 
   2.2.3.3  Laboratory and Field Experimental Results ............................. 2-16 
   2.2.3.4  Other Materials ......................................................................... 2-16 
 
3.0 STU Design and Tool Implementation ......................................................................... 3-1 
 3.1 Conceptual Design ............................................................................................... 3-2 
  3.1.1 Identify Objectives and Treatment Goals ................................................ 3-3 
  3.1.2 Analyze Existing Information .................................................................. 3-3 
  3.1.3 Make Informed Assumptions ................................................................... 3-3 
 3.2 Delineate Operational Conditions ........................................................................ 3-6 
  3.2.1 Assess Soil Characteristics ...................................................................... 3-6 
  3.2.2 Assess Effluent Characteristics ................................................................ 3-8 
  3.2.3 Assess Daily Flow.................................................................................. 3-12 
  3.2.4 Assess Soil Hydraulic Loading Rate and Application Method ............. 3-12 
 3.3 Delineate Parameters Affecting Treatment ........................................................ 3-13 
  3.3.1 Parameters Affecting Nitrogen Attenuation .......................................... 3-14 

TABLE OF CONTENTS 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
  

vii 

  3.3.2 Parameters Affecting Microorganism Attenuation ................................ 3-15 
  3.3.3 Parameters Affecting Organic Wastewater Contaminant Attenuation .. 3-17 
 3.4 Guidance for Tool Selection and Use ................................................................ 3-19 
  3.4.1 Hypothetical Example 1: Conventional STU Performance ................... 3-19 
  3.4.2 Hypothetical Example 2: Nitrified Effluent with  

Low Available Carbon ........................................................................... 3-26 
  3.4.3 Hypothetical Example 3: Estimating STU Mass Loading ..................... 3-31 
  3.4.4 Hypothetical Example 4: Up-scaling STU Density ............................... 3-34 
  3.4.5 Hypothetical Example 5: Qualitative Scenario Comparison ................. 3-37 
 
4.0 Summary ......................................................................................................................... 4-1 
 
References ....................................................................................................................................R-1 
 
Supplemental Files 
 Toolkit User’s Guide 
 Visual-Graphic Tools 
 N-CALC 
 STUMOD 
 Literature Review 
 
 
 



 viii 

 
 
1-1 Type and Complexity of Tools ........................................................................................ 1-5 
 
2-1 Diversity of Tools Developed .......................................................................................... 2-2 
2-2 Example of Look-Up Table Illustrating Factors Influencing Ammonium Sorption ....... 2-8 
 
3-1 OWC Groups and Examples of Common Contaminants .............................................. 3-12 
3-2 Summary of STUMOD Outputs for Different Initial Ammonium-nitrogen  

Concentrations ............................................................................................................... 3-26 
3-3 Summary of STUMOD Output for HLRs shown in Figure 3-26 .................................. 3-32 
3-4 Nitrogen Mass Loading Estimates for Example #3 ....................................................... 3-33 
3-5  Comparison of Scenario Simulation Outputs for Estimated “Equivalent” Design ....... 3-43 
 
 

LIST OF TABLES 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
  

ix 

 
 
1-1 Toolkit Framework for STU Performance ....................................................................... 1-7 
 
2-1 Illustration of N-CALC User Interface Showing Inputs and Outputs for Clay Soil ........ 2-5 
2-2 Illustration of STUMOD User Interface Showing Default Input and  

Outputs for Clay Soils ...................................................................................................... 2-6 
2-3 Example CFD Illustrating cBOD5 Concentrations in STE .............................................. 2-9 
2-4 Nomograph Illustrating Fraction of Nitrogen Remaining with Depth in Different 

Temperature Regions ..................................................................................................... 2-10 
2-5 Nomograph of Percent Nitrogen Removal at 60 cm Depth in Four Different  

Temperature Regions due to Different Effluent Concentrations ................................... 2-11 
2-6 Example Cumulative Probability Graph of Monte Carlo Simulation for  

Three Different Soil Depths ........................................................................................... 2-12 
2-7 Description of the Scenario Output for Trench System Simulations ............................. 2-13 
2-8 Description of the Scenario Output for Drip System Simulations ................................. 2-14 
 
3-1 Conceptual Design Decision Diagram ............................................................................. 3-2 
3-2 Making Informed Assumptions to Reduce Uncertainty Decision Diagram .................... 3-5 
3-3 Delineate Operational Conditions Decision Diagram...................................................... 3-6 
3-4 Assess Soil Characteristics Decision Diagram ................................................................ 3-7 
3-5 Assess Effluent Characteristics Decision Diagram ........................................................ 3-10 
3-6 Assess Effluent Characteristics for Nitrogen Reduction Decision Diagram ................. 3-11 
3-7 Assess Nitrogen Attenuation Decision Diagram ........................................................... 3-14 
3-8 Assess Microorganism Removal/Inactivation Decision Diagram ................................. 3-17 
3-9 Assess OWC Attenuation Decision Diagram ................................................................ 3-18 
3-10 Nomograph Most Closely Illustrating Example 1 Conditions ....................................... 3-20 
3-11 Monte Carlo Cumulative Probability Graph for Three Different Soil  

Depths for Example 1 Conditions .................................................................................. 3-21 
3-12 STUMOD Output Graph Illustrating Nitrogen Concentrations  

Assuming Example 1 Initial Conditions ........................................................................ 3-22 
3-13 STUMOD Output Graph Illustrating the Fraction of Nitrogen Remaining  

in the STU Assuming Example 1 Initial Conditions ..................................................... 3-23 
3-14 STUMOD Output Graph Illustrating Nitrogen Concentrations for Example 1  

at a HLR of 1 cm d-1 ...................................................................................................... 3-24 
3-15 STUMOD Output Graph Illustrating the Fraction of Nitrogen Removed for Example 1  

at a HLR of 1 cm d-1 ...................................................................................................... 3-24 
3-16 STUMOD Output Graph Illustrating Nitrogen Concentrations for Example 1  

at a Soil Depth of 120 cm .............................................................................................. 3-25 
3-17 STUMOD Output Graph Illustrating the Fraction of Nitrogen Removed for Example 1  

at a Soil Depth of 120 cm .............................................................................................. 3-25 
3-18 STUMOD Output for Example 2 Initial Conditions...................................................... 3-27 
3-19 STUMOD Output for Example 2 Assuming Advanced Treatment Prior to the STU ... 3-27 
3-20 STUMOD User Input Interface for Example 2 .............................................................. 3-28 
3-21 STUMOD Output for Example 2 Assuming Conditions Illustrated in Figure 3-20 ...... 3-29 
3-22 CFD of Denitrification Rates Assimilated from the Literature ..................................... 3-29 

LIST OF FIGURES 



 x 

3-23 Comparison of Cumulative Probability Graph to Evaluate Uncertainty  
for Example 2 STUMOD Outputs ................................................................................. 3-30 

3-24 STUMOD Output for Mass Flux of Nitrogen for Example #3 ...................................... 3-31 
3-25 Graph Illustrating the Mass Flux of Nitrogen for Different HLRs with  

Depth Below the Trench ................................................................................................ 3-32 
3-26 Determination of Media per Capita Water Use ............................................................. 3-33 
3-27 Nitrogen Mass Flux Comparisons ................................................................................. 3-35 
3-28 Comparison of Nitrogen Mass Flux at Different HLRs................................................. 3-36 
3-29 Comparison of Nitrogen Mass Flux from Six Homes to Equal Distribution  

Over a Given Area ......................................................................................................... 3-37 
3-30 Example Comparison of Trench System Scenario Outputs ........................................... 3-38 
3-31 Example Comparison of Drip System Scenario Outputs ............................................... 3-39 
3-32 Example Trench and Drip Comparison of Equivalent Mass ......................................... 3-40 
3-33 Illustration of Comparable Scenario “Footprints” ......................................................... 3-41 
3-34 Mass Flux Response to Plant Uptake............................................................................. 3-44 
3-35 Total Nitrogen Mass Flux as Affected by Rain Events ................................................. 3-44 
 
 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
  

xi 

 
 
 

BOD biochemical oxygen demand 
BOD5 biochemical oxygen demand, five-day test 
C carbon 
CaCO3 calcium carbonate 
CFD cumulative frequency distribution 
CO2 carbon dioxide 
CSM Colorado School of Mines 
CW2D Constructed Wetlands 2D model 
HLR hydraulic loading rate 
N nitrogen 
N2 dinitrogen gas 
N-CALC Nitrogen Calculator (spreadsheet tool) 
NRCS Natural Resources Conservation Service 
OWC organic wastewater contaminants 
OWTS onsite wastewater treatment systems 
SSURGO Soil Survey Geographic 
STATSGO State Soil Geographic (soil database) 
STE septic tank effluent 
STU soil treatment unit 
STUMOD Soil Treatment Model (spreadsheet tool) 
TMDL total maximum daily load 
UCR University of California at Riverside 
UGA University of Georgia 
URI University of Rhode Island 
USDA United States Department of Agriculture 
U.S. EPA United States Environmental Protection Agency 
USGS United States Geological Survey 
WERF Water Environment Research Foundation 

 
 

LIST OF ACRONYMS 



 xii 



 

Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
 

ES-1 

EXECUTIVE SUMMARY 
 

 

 

Onsite wastewater treatment systems (OWTS) are an important part of water 
management infrastructure in the United States. Thus, proper OWTS selection, design, 
installation, operation and management are essential. While these systems vary widely in their 
design and implementation, the most prevalent type of system is a conventional OWTS that 
utilizes the soil for wastewater constituent treatment, hydraulic capacity, and eventually recharge 
to water resources. The soil treatment unit (STU) within an OWTS provides an effective and 
sustainable means for wastewater reclamation, but occasional water quality degradation has been 
experienced. While there is considerable concern about potential water quality degradation 
associated with OWTS, current permitting and design focus remains primarily on ensuring that 
hydraulic loading is not excessive. Furthermore, the lack of available simple tools for assessing 
the performance of the STU has limited assessment of treatment performance during OWTS 
design based on scientific principles.  

The overall goal of this project was to provide a toolkit to assess STU performance. This 
toolkit enables evaluation and design of expected STU performance for important wastewater 
constituents over a relevant range of OWTS operating conditions. The toolkit was developed for 
a wide range of users faced with different needs of varying complexity. Within the toolkit 
framework, specific objectives were to: 

1) identify the current best practices and tools utilized in STU design and performance,  

2) develop and test tools to aid system designers and decision-makers assess the expected 
STU performance, and 

3) provide decision diagrams (protocol) for selection and use of the different tools. 

The first objective above was addressed in a comprehensive literature review submitted 
as a separate WERF report (McCray et al., 2009). To achieve the second objective, results from 
the literature review were combined with laboratory and field experimentation for development 
of simple tools that are based on known scientific principles. Finally, to aid the user during 
performance based STU design and treatment performance, a protocol consisting of flow charts 
and decision steps was prepared. This project was completed by a multi-university team from the 
Colorado School of Mines (CSM), the University of Rhode Island (URI), the University of 
Georgia (UGA), and the University of California at Riverside (UCR).  

The toolkit was designed to evaluate treatment of nitrogen, microorganisms (bacteria and 
virus), and organic wastewater contaminants (OWCs). These pollutants are currently of primary 
concern, or are projected to be of high concern, to nearly every county and state in the United 
States. While phosphorus is of concern in some cases (e.g., shallow ground water in the vicinity 
of small lakes or sensitive waterways), in general soils have a high affinity for phosphorus 
attenuation via chemical-precipitation mechanisms and the available literature and relevant data 
was relatively sparse. Thus efforts were focused on developing the most effective tools possible 
for nitrogen, bacteria and virus, and OWCs. The literature review on phosphorus treatment and 
modeling, however, is a useful tool for OWTS professionals on its own merits. 
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The toolkit is hierarchical in nature and includes tools that are diverse with regard to their 
ability to incorporate complexity, user sophistication, and appropriateness for use. The 
complexity of the tools in the toolkit depends on the following considerations: 

♦ relative importance of the pollutant of interest in the practical and regulatory arena,  

♦ availability of existing data from which to build a solid theoretical foundation of thee 
treatment processes,  

♦ degree of complexity that is intended to be included in the problem analysis, and  

♦ sophistication, technical resources, and treatment goals of the user. 

 

Ideally, the simplest tools are the first to be used. These tools are best used as screening 
tools to decide if further action is needed and require little user sophistication, but cannot 
incorporate many of the complexities associated with different OWTS sites or pollutant 
treatment processes (see additional discussion related to existing models in the supplemental 
Literature Review). Examples of these tools include charts or tables that direct the user to the 
general best practice to optimize treatment for certain pollutants, simple spreadsheet solutions 
that predict concentrations at depth but that do not incorporate many of the important 
complexities associated with OWTS treatment processes, or written materials that describe a 
process or set of experimental results that lend insight to pollutant treatment. Such simple tools 
may not be appropriate for decision making, particularly if the health, regulatory, or legal risks 
associated with the decision are high. The tools developed for OWCs are less sophisticated and 
not as quantitative as the tools developed for nitrogen. Intermediate to nitrogen and OWCs are 
microbial pollutants. Bacteria and virus are important regulated pollutants, but the available data 
regarding treatment in OWTS or other similar systems is relatively sparse, and the processes 
associated with transformation and soil transport are very complex. Thus, it was not possible to 
develop tools that could rigorously incorporate the uncertainty of important processes. 

The diversity in the toolkit depends on the pollutant of interest, primarily due to the 
information available related to treatment of that pollutant. A highly diverse toolkit is provided 
for nitrogen because considerable data are available, it is often the most important OWTS 
pollutant in the regulatory arena, and treatment considerations in OTWS designs are usually 
intended to mitigate nitrogen release. Conversely, little diversity is provided in the toolkit for 
important OWCs because there is very little data available, the fundamental understanding of 
OWC treatment processes is in the early stages, and most OWCs are not regulated. Again 
relative to nitrogen and OWCs, the diversity of the tools for microbial pollutants are intermediate 
consisting of generalized recommendations as well as diagrams developed from complex 
numerical models that depict treatment effectiveness for various relevant scenarios. 

The components of the toolkit are: 

♦ Guidance Manual 

o discussion of tools and their use 

o decision diagrams for tool selection and performance design 

♦ User’s Guide 
o assumptions and governing principles 

o tool and model development 
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o parameter selection 

 look-up tables 

 cumulative frequency distributions (CFDs) of important treatment parameters 

o laboratory and field experimental results 

♦ Tools 
o visual-graphic illustrations of expected soil treatment 

o N-CALC (Nitrogen Calculator) 

o STUMOD (Soil Treatment Unit Model) 

♦ Supplemental Information 
o literature review 

o outreach materials 

 

Spreadsheet tools enable estimation of treatment for user-specified conditions, but are 
presented in a simple-to-use format that does not require prior modeling knowledge or lengthy 
model run times. Of course, achieving these advantages requires that the incorporated treatment 
processes and operating conditions are simplified. Two spreadsheet tools were developed: N-
CALC and STUMOD. Both of these spreadsheet tools allow the user to evaluate a range of STU 
operating conditions, soil hydraulics, and/or treatment parameters, as well as the relative 
influence of these factors on performance (i.e., determine which parameters are expected to exert 
the greatest influence on STU performance).  

N-CALC (Nitrogen Calculator) can be used to investigate steady-state treatment 
effectiveness based on soil type (i.e., long-term performance for a relatively mature system). 
N-CALC accounts for removal processes such as adsorption, nitrification and denitrification and 
is intended as a screening level tool that can be used where input data is limited or as an initial 
step to determine the impacts from OWTS under worst-case scenarios (no mixing or 
attenuation). It can be used with minimal technical expertise, and may also be helpful as a field 
calculator, although it is not theoretically appropriate for shallow water tables and does not 
include a biozone or account for soil layering in the subsurface. Thus, N-CALC could be used to 
determine whether more resources should be devoted to data gathering or implementation of a 
more rigorous model such as STUMOD or HYDRUS.  

STUMOD (Soil Treatment Unit Model) is relatively simple to use for personnel trained 
in the natural sciences or engineering, and is also rigorous enough to include most relevant 
hydraulic and nitrogen-transformation processes. STUMOD was developed based on existing 
fundamental principles of water movement and contaminant transport. An analytical solution is 
used to calculate profile of pressure and moisture content in the unsaturated STU. The chemical 
transport component is based on simplification of the general advection dispersion equation, 
which is based on chemical mass-balance. STUMOD is not theoretically appropriate for shallow 
water tables and does not explicitly account for any soil layering in the subsurface. The model 
requires a significant level of user sophistication with regard to using the appropriate input 
parameters. Because the sophistication of STUMOD may preclude many practitioners from 
using it, hundreds of visual-graphic illustrations of treatment for a variety of conditions relevant 
to OWTS were developed. 
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STUMOD could also be used for other OWTS pollutants. However, sufficient 
information was not available in the literature to provide detailed guidance on model 
development for either phosphorus or OWCs. STUMOD may become increasingly useful as 
additional research into quantitative assessments of removal for these constituents become 
available. This is particularly true of OWCs, because degradation of these compounds also 
depend on the aeration (i.e., water content) in the STU. With regard to microbial pollutants, a 
considerable variety of tools for virus transport in aquifers is already available from the U.S. 
EPA models website. While bacterial removal is less effective, simple tool development does not 
enable inclusion of the fundamental processes necessary to adequately quantify bacterial 
transport. 

Visual-graphic tools provide an indication of whether treatment goals are likely or 
unlikely to be met for specific technical assumptions, site conditions, and OWTS operating 
factors. Three types of visual-graphic tools are included in the toolkit: nomographs, cumulative 
probability graphs, and scenario illustrations. Nomographs provide insight into the range of STU 
performance that can be expected for a given set of conditions. Cumulative probability graphs 
illustrate the likely range of treatment outcomes and the probability associated with any 
particular treatment effectiveness, or provides an understanding of key parameter variability 
based on reported values. These cumulative probability graphs help planners and regulators 
make decisions based on their willingness to accept an agreed-upon level of quantified risk. 
Scenario illustrations are based on selected HYDRUS-2D model simulations of different OWTS 
scenarios to visually demonstrate the usefulness of such a numerical model while showing the 
impacts of different scenarios on subsurface nitrogen concentrations, spatial treatment 
distributions, and mass-flux below a specified boundary.  

For all of the visual-graphic illustrations, treatment information provided by these tools is 
based on data generated by numerical models that can incorporate complex and robust treatment 
and operating conditions. Because the choices for representative OWTS conditions are limited, 
the user must decide how their OWTS system fits within the limited treatment estimations 
displayed by the graphics. As the complexity of the STU increases, a numerical model such as 
HYDRUS-2D, should be used because it can incorporate any level of sophistication regarding 
subsurface heterogeneity, trench geometry, large multiple-trench systems, drip systems, water 
table position, or climate. 

Look-up tables or charts and CFDs are also visual-graphic tools that aid users in selecting 
appropriate parameters for specific conditions or numerical modeling (i.e., denitrification rate in 
HYDRUS). CFDs are based on statistical evaluation of actual OWTS data from the literature or 
laboratory data.  

All tools were developed with a basis in rigorous scientific understanding building from 
the current knowledge as presented in the literature supplemented with numerical modeling. The 
literature review uncovered some critically important aspects of the nitrogen transformation 
process that are not included in any existing numerical model capable of simulating a range of 
OWTS conditions. Thus, HYDRUS-2D was modified to include the important effects of 
temperature and the impact of aeration (via moisture content) on nitrogen transformations. This 
modified version of HYDRUS-2d is not currently available to the public, but may be available in 
the future (http://www.pc-progress.com/en/Default.aspx?hydrus-3d). In addition, the CW2D 
model, which has a wide range of complex biochemical processes for nitrogen transformation 
and is utilized by the most sophisticated modeler, was evaluated. While the CW2D model 
accurately predicted water movement and pressure heads, it underestimated nitrate 

http://www.pc-progress.com/en/Default.aspx?hydrus-3d�
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concentrations in the soil. Thus, HYDRUS-2D was used for numerical modeling conducted in 
support of tool development.  

During tool development, laboratory and field experimentation was also conducted to fill 
in data gaps. For example, available data for clay soils is very sparse such that tool development 
based on literature data alone was not feasible. To address this data gap, field experiments in clay 
soils in Georgia were conducted. The results indicated that pressure heads were slightly positive 
to slightly negative in the zone around each trench in a range that may allow both nitrification 
and denitrification to proceed simultaneously. Nitrate concentrations in the soil beneath the 
trenches were low, but above background, and increased with time during the seven months of 
sample collection. Similarly, although considerable information exists in the literature regarding 
the fundamental mechanisms involving bacterial and virus transport, most of the studies were 
conducted in sandy soils with very little information available regarding other soil conditions. To 
address this considerable data gap, laboratory-scale mesocosms were designed to provide tool 
calibration data describing the removal of bacteria and virus from STUs. Thus, laboratory and 
field data from the team field sites in Rhode Island (sandy soils), Georgia (clay), and Colorado 
(silt and loam soils) were all used to corroborate the developed quantitative tool outputs.  

In summary, selection and use of a tool in the toolkit depends on the pollutant of interest, 
the nature of the problem at hand, the desire to incorporate specific complexities in OWTS 
operation or in soil or climate conditions, the sophistication of the user, the resources available to 
the user, the relative complexity of the problem, and the relative risk associated with an improper 
design. Because both STU decision making and design are highly interrelated processes, a 
decision protocol was developed to guide the user through tool selection and use. This protocol is 
simply a series of flow charts and decision steps that walk the user through the process and 
directs them to where the information can be obtained (e.g., CFD) or in when additional data 
collection may be warranted (e.g., numerical modeling).  
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CHAPTER 1.0 
 

INTRODUCTION 
 

 

 

1.1 Background and Motivation 
Throughout the United States, wastewater management incorporates a variety of 

centralized and decentralized approaches for protection of public health and the environment. 
Nearly 21% of the United States’ population is served by decentralized wastewater systems, with 
a substantial portion of all new development also being supported by these systems (Lowe et al., 
2007). Onsite wastewater treatment systems (OWTS) are an important part of the overall 
wastewater management plan. Thus, proper selection, design, installation, operation and 
management of OWTS are essential to ensure protection of the water quality and the public 
served by that water source.  

While OWTS vary widely in their design and implementation, conventional OWTS rely 
on septic tanks for retention and digestion of solids in raw wastewater followed by discharge of 
wastewater effluent to the soil treatment unit (STU) for eventual recharge to underlying 
groundwater (Metcalf and Eddy, 1991; U.S. EPA, 1997; Crites and Technobanoglous, 1998; 
Siegrist, 2001; Siegrist et al., 2001; U.S. EPA, 2002) In many areas advanced treatment (e.g., 
sand filters, textile media filters) may be implemented where site conditions are not suitable for 
conventional systems, or to produce a higher quality effluent delivered to the STU in sensitive 
areas such as those with nitrogen loading concerns. 

In conventional systems, where local conditions permit, the septic tank effluent (STE) (or 
higher quality effluent if additional treatment is employed) may still contain high concentrations 
of pollutants that are further treated by the STU. A STU may be comprised of a series of 
subsurface trenches or beds for infiltration or through a shallow network such as in a drip 
dispersal system. In both of these cases, effluent percolates through an underlying unsaturated 
zone (vadose zone) with ultimate recharge to ground water. An unsaturated flow regime is 
expected to result in longer travel times through the STU allowing for more extensive contact 
between percolating effluent and the soil (Beach and McCray, 2003). In an unsaturated system, 
water is retained first in the finer pore spaces adjacent to soil grains and not in large pores. Thus, 
an understanding of flow, transport, and chemical reactions in unsaturated soil is critical for 
optimal design of OWTS and predicting STU performance. Often, unsaturated flow can be 
achieved within the STU by constraining the design hydraulic loading rate (HLR) to a fraction of 
the soil’s saturated hydraulic conductivity with effluent delivery to the STU by gravity flow or 
dosed to the infiltrative surface. At the soil infiltration surface, a biozone evolves which may 
have a biomat (also called a clogging layer) resulting in ponding of effluent on the infiltrative 
surface of a trench (McKinley, 2008). This biozone formation with subsequent ponding allows 
for more uniform infiltration both spatially and temporally (Siegrist and Boyle, 1987).  

Historically, OWTS design and regulation has been based primarily on ensuring that 
wastewater can be successfully infiltrated into the soil, preventing backup of the effluent to the 
ground surface or into the associated dwelling or business. However, it is now widely recognized 
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that this approach does not consider potential nutrient or pollutant treatment and mass loading to 
a receiving environment (soil, ground water, surface water) on a range of scales (single lot, 
subdivision, watershed). In areas of growth, decisions are often made related to lower density 
suburban development served by OWTS compared to higher density urbanized development 
served by centralized treatment plants. In the past, lower density prescriptive design and siting 
requirements were often based on the presumption that the OWTS was performing to meet target 
goals, but due to budget and staffing limitations, field systems were rarely monitored to verify 
that the performance was as expected with respect to wastewater constituents. Unfortunately, 
problems are typically highlighted only after a gross failure is observed (e.g., surfacing of 
effluent, detection of bacteria, nutrients, or other pollutants in nearby drinking water wells or 
surface waters, etc.). Decentralized cluster/community systems are now being recognized to offer 
higher density development options combined with the desired benefits of green space 
preservation, sustainable water resources, and lower infrastructure costs while maintaining high 
performance standards. In both low- and high-density development scenarios, simple tools are 
needed to evaluate whether the specified treatment performance can be achieved with assurance 
that the performance objective can be reliably met. 

 

1.2 Project Objectives and Approach 
The goal of this project is to provide a toolkit for assessment of STU performance. The 

toolkit is appropriate for a wide range of users evaluating STU performance for a varying range 
of complexity. This Guidance Manual describes the tools developed for the toolkit and provides 
a decision protocol to enable evaluation and design of expected STU performance for important 
wastewater constituents over a relevant range of OWTS operating conditions. A comprehensive 
literature review supplements this Guidance Manual and has been published as a separate WERF 
report (McCray et al., 2009). 

This project was a joint effort between Colorado School of Mines (CSM), the University 
of Rhode Island (URI), the University of Georgia (UGA), and the University of California at 
Riverside (UCR). This multi-university team provided the expertise needed in nutrient 
transformations, organic wastewater contaminants (OWCs), microbial pollutants, mathematical 
modeling, and OWTS training and outreach. In addition, this collaboration enabled incorporation 
of information from laboratory and field studies representing a wide range of soil and climate 
settings.  

The tools contained in the toolkit are based on the scientific principle that the soil-water 
system (i.e., the STU) provides treatment via physical, chemical, and biological transformation 
processes using information in the science and engineering literature. The tools are intended for 
technical professionals who wish to optimize STU design for particular soil and hydraulic 
conditions as well as non-technical stakeholders and planners who hope to increase their 
understanding of, or implement performance-based STU design.  

The tools range from very simple to complex for evaluation of STU performance under a 
range of design and soil conditions. The tools primarily address the most common operating 
conditions associated with trench and drip dispersal. The tools themselves do not provide STU 
designs. Rather they provide insight into the behavior of STUs and quantitative estimations of 
treatment as affected by a range of conditions. These insights and outcomes then aid decisions 
during STU design and/or planning through better understanding of the influence of operating 
conditions and site conditions on STU performance. However, many complex processes and 
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less-common operating conditions can be addressed by some of the more complex models (see 
additional discussion related to existing models in the supplemental Literature Review). 

Finally, the focus of the toolkit is on treatment of wastewater constituents that are 
typically of concern with respect to environmental degradation: nitrogen reduction, virus 
removal, and OWC transformations. Because the toolkit is based on existing knowledge, data, 
and models, the associated tools for various pollutants are not similarly rigorous. For example, 
the tools for nitrogen performance are most robust and rigorous, while the tools associated with 
OWCs are insightful, but not as detailed because of the general lack of information in the 
technical literature and additional research is warranted.  

 

1.3 Using This Guidance Manual and Toolkit 
1.3.1 Toolkit Components 

The toolkit focuses on simple tools such as visual-graphic illustrations and spreadsheets 
that estimate STU treatment with depth below the infiltrative surface. The components of the 
toolkit are: 

♦ Guidance Manual 
o discussion of tools and their use 

o decision diagrams for STU tool selection and performance design 

♦ User’s Guide 

o assumptions and governing principles 

o tool and model development 

o parameter selection 

 look-up tables 

 cumulative frequency distributions (CFDs) of important treatment parameters 

o laboratory and field experimental results 

♦ Tools 
o visual-graphic illustrations of expected soil treatment 

o N-CALC (Nitrogen Calculator) 

o STUMOD (Soil Treatment Unit Model) 

♦ Supplemental Information 
o literature review 

 

This Guidance Manual provides an introduction to each tool, describes how the tool was 
prepared, and highlights the specific assumptions/limitations of the tool. The user can use this 
Guidance Manual to assess the appropriateness of the individual tool for their application as well 
as identify where additional supplemental information exists.  
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Visual-graphic tools provide an indication of whether treatment goals are likely or 
unlikely to be met for specific technical assumptions, site conditions, and OWTS operating 
factors. Look-up tables summarize important model input parameters based on values reported in 
the literature such as effluent concentrations and denitrification rates. CFDs provide an 
understanding of key input parameter variability based on statistical evaluation of actual reported 
OWTS values. Nomographs provide insight into the range of STU performance that can be 
expected for a given set of conditions. Cumulative probability graphs illustrate the likely range 
of treatment outcomes and the probability associated with any particular treatment effectiveness. 
In both the nomographs and cumulative probability graphs, treatment information provided by 
these tools is based on data generated by numerical models that can incorporate complex and 
robust treatment and operating conditions. Numerical model simulations of different OWTS 
scenarios visually demonstrate the usefulness of such a numerical model while showing the 
impacts of different scenarios on subsurface nitrogen concentrations, spatial treatment 
distributions, and mass-flux below a specified boundary. Because the choices for representative 
OWTS conditions are limited, the user must decide how their OWTS system fits within the 
limited treatment estimations displayed by the graphics.  

Spreadsheet tools enable estimation of STU treatment for user-specified conditions, but 
presented in a simple-to-use format that does not require prior modeling knowledge or lengthy 
model run times. Of course, achieving these advantages requires that the incorporated treatment 
processes and operating conditions are simplified. Two spreadsheet tools were developed: N-
CALC and STUMOD. Both of these spreadsheet tools allow the user to evaluate a range of STU 
performance based on likely variations in operating conditions, soil hydraulics, and/or treatment 
parameters, as well as the relative influence of these factors on performance (i.e., determine 
which parameters are expected to exert the greatest influence on STU performance). Thus, the 
spreadsheet tools can help the user decide if the uncertainty in STU performance is acceptable or 
if additional information should be collected to assess the expected STU performance with more 
confidence or numerical modeling is required. 

Supplemental information provides either guidance on tool selection or additional 
technical detail on literature review or experimental findings. The information gained during the 
literature review aided in the design of laboratory and field experiments, and development of the 
design tools to assess STU performance. The complete literature review can be found at 
www.werf.org. Both laboratory and field experimentation was also conducted to fill in identified 
data gaps with data from the experiments used to corroborate the developed tool outputs for a 
range or soil and climate conditions. Finally, the decision diagrams and a worksheet helps direct 
the user through the implementation logic referring to applicable tools or parameter tabulations. 

1.3.2 Using Tools for Decision Making 
Selection and use of the tools in this toolkit require making informed assumptions. This 

does not suggest agreement or consensus on the assumption, but rather that the assumption, basis 
of knowledge, and certainty/uncertainty are clear, such that the tool selection/use is defensible. 
Simplifying assumptions are not in and of themselves bad, but the associated uncertainty and the 
affect on the output (e.g., decision, spreadsheet model output) are important. 

A range of tools provided in the toolkit enable the user to start with simple tools that 
provide some general insight (Table 1-1). Higher complexity tools can then be used if more 
specific site data are available, or if more accuracy in the predictions is desired. In cases where 
limited information is available the simplest graphical tools can be used. If more information is 
available or can be collected, then more complex spreadsheet tools can be utilized. If additional 

http://www.werf.org/�
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data is collected, a more complex/rigorous tool might be helpful or required. Progressing through 
simple to more complex tools will ultimately guide the user to the simplest tool that is 
appropriate, but discourage using a tool that is too simple for the decision at hand. In all cases, a 
clear understanding of the site is of utmost importance, whether the user of the tools is interested 
in the performance of an existing system or is looking to design a new system.  

Table 1-1. Type and Complexity of Tools. 

Type of Tool 

Look-Up Tables CFDs 

Nomographs, 
Cumulative 
Probability 

Graphs, Scenario 
Illustrations 

N-CALC STUMOD HYDRUS 

Location of Tool 
User’s Guide, 
Chapter 3.0 

User’s Guide, 
Chapter 3.0 

Visual-Graphic 
Tools file 

MicrosoftTM Excel 
Workbook 

MicrosoftTM Excel 
Workbook Not Provided 

Complexity of Tool 

Simple 
 

Complex 

Skill/knowledge Required to Use Tool 
None to a basic 
understanding of 
the descriptive 
statistics (median, 
standard 
deviation, 
percentile). 

Understanding of 
a risk-based 
approach for 
selecting input 
parameter values. 

Ability to interpret 
graphical 
representations of 
numerical 
relationships for a 
set of conditions. 

Minimal technical 
expertise. 
Understanding of 
underlying 
principles and 
assumptions. 
Ability to select 
appropriate input 
parameters. 

Relatively 
sophisticated 
user. 
Understanding of 
underlying 
principles and 
assumptions. 
Ability to select 
appropriate input 
parameters. 

Technical 
proficiency in and 
resources to 
support numerical 
modeling.  

Tool Application 
Provide 
understanding of 
factors affecting 
attenuation. 
Selection of input 
parameters for 
individual 
conditions. 

Provide the basis 
for selection of 
input parameters 
based on the 
estimation of a 
proportion of a 
population whose 
measured values 
are greater than or 
less than some 
stated level. 

Initial screening 
and evaluation of 
STU nitrogen 
attenuation based 
on defined 
conditions. 

Field calculator to 
estimate nitrogen 
removal when 
input data is 
limited or based 
on worse-case 
conditions (i.e., no 
mixing or 
attenuation). 

Sophisticated 
spreadsheet tool 
to estimate STU 
nitrogen 
attenuation for a 
wide range of 
user-specified 
input. Allows 
flexibility for input 
of different 
parameters and 
can be calibrated 
to site-specific 
data. 

Development of 
STUMOD and 
scenario 
illustrations. 
Evaluation of 
complex STU 
conditions. 

Information Obtained from Tool 
Summary of 
model input 
parameters based 
on values reported 
in the literature. 
Information to 
enable evaluation 
of specific 
conditions and 
corresponding 
input parameter 
values. 

Greater 
understanding of 
assimilated data 
from the literature. 
Enables selection 
of input parameter 
values which 
incorporate 
uncertainty. 

Visual 
representation of 
expected nitrogen 
attenuation with 
depth. Insight into 
the uncertainty of 
a particular model 
output due to 
individual input 
data. Effect on 
STU attenuation 
from key operating 
conditions. 

Screening level 
representation of 
STU nitrogen 
attenuation under 
steady-state 
conditions. 

Numerical and 
graphical 
representation of 
STU nitrogen 
attenuation with 
depth for user-
specified 
conditions. 

Numerical and 
graphical 
representation of 
STU attenuation 
for wide range of 
complex user-
specified 
conditions. 
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For example, during initial planning of a single site or subdivision development, a 
decision maker may first utilize look-up tables and nomographs which will show expected 
nitrogen concentrations at specific depths based on general soil characteristics and median 
treatment factors (e.g., denitrification rates, ammonium sorption, virus deactivation, etc). 
Reference to these visual-graphic tools illustrates the relative probability that the concentration 
will be lower or higher than a specified treatment goal. Use of more complex tools may then be 
warranted if these simple tools suggest that: 1) concentrations are likely to exceed set treatment 
goals, 2) the likelihood of exceeding the specified treatment goals is not acceptable, or 3) the 
user desires a broader understanding of treatment under uncertain conditions. For example, 
spreadsheet tools can then be used to evaluate a wider range of potential soil or operating 
conditions and the expected performance. 

Both the visual-graphic tools and the spreadsheet models give the user some indication of 
the uncertainty in the treatment predictions (e.g., the median “best estimate” for treatment with 
confidence intervals around this best estimate). For example, STUMOD is linked with a risk-
simulation software so that the probability of nitrogen removal can be evaluated based on the 
uncertainty in the relevant hydraulic, transport and nitrogen transformation parameters. In this 
manner, the user can make better-informed decisions that account for the uncertainty in the 
treatment predictions as well as the stakeholders’ collective willingness to accept or deny risk 
under uncertainty. The breadth of tools in the toolkit provides: 

♦ understanding of key processes critical to STU performance, 

♦ insight into the variability of parameters influencing STU performance, and 

♦ guidance for obtaining the best assessment of STU performance for different levels of 
knowledge. 

 

1.3.3 Guidance Manual Organization 
This manual is organized into four Chapters. Chapter 1.0 describes the overall framework 

and toolkit components. Chapter 2.0 provides descriptions of the tools. Chapter 3.0 guides the 
user through the assessment of parameters relevant to treatment performance including examples 
for tool selection and how to use those tools. Chapter 4 provides a summary of the toolkit. 

A companion User’s Guide must be used in conjunction with this Guidance Manual. The 
User’s Guide includes the fundamental assumptions that were incorporated into the development 
of the tools in this toolkit (Chapter 1.0). A detailed description of the tool development is 
provided in Chapter 2 and detailed guidance on parameters that affect STU treatment 
performance and how to select specific values are provided in Chapter 3. Chapter 4 provides a 
summary. Relevant general reference material such as the USDA soil textural triangle with grain 
size distributions and conversions for common parameters is presented in Appendix A. Appendix 
B includes a worksheet form that may help guide the user through the different decision-making 
steps while keeping all relevant information in a compact format. Appendix C provides the 
results from field experiments conducted in Georgia coupled with the 2D modeling using 
HYDRUS. Column experiments conducted in Rhode Island on the fate and transport of bacteria 
and virus and 2D modeling using HYDRUS are described in Appendix D. 

Tools are provided as separate files. Visual-graphic tools including nomographs, 
cumulative probability graphs, and scenario illustrations are compiled into a separate pdf file. N-
CALC and STUMOD are separate MicrosoftTM Excel files. 
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The framework of the toolkit including this Guidance Manual is outlined in Figure 1-1.  
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Figure 1-1. Toolkit Framework for STU Performance. 

 
 

 



 

  
1-8 



 

Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
 

2-1 

CHAPTER 2.0 
 

TOOL DESCRIPTION 
 

 

 

All of the tools presented in the toolkit were developed with a basis in rigorous 
experimental data. The quantitative tools or models were evaluated using data from the literature, 
from experiments conducted by the project team, or from scientific knowledge of operating 
OWTS treatment performance. The complexity of the various tools in the toolkit depends on the: 

♦ Relative importance of the pollutant of interest in the practical and regulatory arena. 

♦ Availability of existing data from which to build a solid theoretical foundation of thee 
treatment processes.  

♦ Degree of complexity that is intended to be included in the problem analysis.  

♦ Sophistication, technical resources, and treatment goals of the user. 
 

The toolkit is hierarchical in nature and includes tools that are diverse with regard to their 
ability to incorporate complexity, user sophistication, and appropriateness for use. Ideally, the 
simplest tools are the first to be used. These tools are best used as screening tools to decide if 
further action is needed and require little user sophistication, but cannot incorporate many of the 
complexities associated with different OWTS sites or pollutant treatment processes. Examples of 
these tools include charts or tables that direct the user to the general best practice to optimize 
treatment for certain pollutants, simple spreadsheet solutions that predict concentrations at depth 
but that do not incorporate any of the important complexities associated with OWTS treatment 
processes, or a description of a process or set of experimental results that lend insight to pollutant 
treatment. Such simple tools may not be appropriate for decision making, particularly if the 
health, regulatory, or legal risks associated with the decision are high.  

An example of an more complex tool is a mathematical model that is simple enough that 
it can be implemented using a spreadsheet, but complex enough to include the most important 
complexities associated with relevant treatment processes (e.g., nitrification, and denitrification, 
and the dependence of these processes on relevant soil properties such as soil moisture or soil 
type), and can translate the effect of uncertainty in important soil or treatment parameters on to 
the uncertainty of treatment prediction. Such a model can be used directly by a relatively 
sophisticated user. Alternatively, nomographs summarize results for a variety of conditions for 
users who do not wish to embark on learning how to use and implement a mathematical model. 
The nomograph, can be readily used for decision making, but only for standard OWTS operating 
conditions, and only with due considerations of the limitations of the model. If a user wishes to 
consider specific complexities or alternate scenarios (e.g., different OWTS designs, spatial 
distribution of treatment in the subsurface, or seasonal effects of use or climate), then a powerful 
but highly sophisticated numerical mathematical model must be used. Such a tool requires 
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considerable resources to implement, but may be appropriate for considering complexity of the 
problem or when the relative risk associated with a poor design is high. 

A highly diverse toolkit is provided (Table 2-1) because the amount of data and 
fundamental understanding of treatment processes varies between the OWTS pollutants. For 
example, the current state of knowledge regarding nitrogen fate and transport in soils receiving 
wastewater points at four major processes: 1) nitrification, 2) denitrification, 3) ammonium 
sorption to soil particles, and 4) uptake or assimilation of nitrogen species by plants or microbes. 
Conversely, for OWCs there is little data is available, the fundamental understanding of 
treatment processes is in the early stages, and most OWCs are not regulated. Thus, the tools 
developed for OWCs are less sophisticated and not as quantitative as the tools developed for 
nitrogen. Intermediate to nitrogen and OWCs are microbial pollutants. Virus and bacteria are 
important regulated pollutants, but the available data regarding treatment in OWTS or other 
similar systems is relatively sparse, and the processes associated with transformation and soil 
transport are very complex. Thus, the tools for microbial pollutants are generalized 
recommendations as well as diagrams developed from complex numerical models that depict 
treatment effectiveness for various relevant scenarios. 

Table 2-1. Diversity of Tools Developed. 

Parameter Look-up Table CFD Visual Graphic 
Illustration 

Spreadsheet 
Tool 

Supplemental 
Information 

Nitrogen Factors affecting attenuation. 
Reported input parameter values 
(ammonium sorption, 
nitrification, denitrification). 

Concentration range in 
effluent. 
Reported input parameter 
values (sorption coefficients, 
transformation rates). 

Nomographs. 
Cumulative 
probability graphs. 
Scenario 
illustrations. 

N-CALC 
STUMOD 

Literature search. 
Field study 
results. 

Bacteria Factors affecting attenuation. Concentration range in 
effluent. 
Reported removal in soil. 

None None Literature search. 
Laboratory study 
results. 

Virus Factors affecting attenuation. Concentration range in 
effluent. 
Reported removal in soil. 

None None Literature search. 
Laboratory study 
results. 

OWCs Factors affecting attenuation. None None None Literature search. 
Laboratory study 
results. 

General Soil texture properties. 
Regional temperatures. 
Effluent quality. 
Hydraulic loading rates. 

Effluent quality ranges. None None Literature search. 

 

While there is an abundance of scientific knowledge on phosphorus, very little data 
related to phosphorus in STUs is reported in the literature. The largest gaps in the understanding 
of the fate and transport of phosphorus in STUs that are not considered in quantitative tools, are 
centered around two important issues: 1) phosphorus behavior in high ionic strength solutions, 
and 2) parameterization of functions that describe kinetic sorption and precipitation in STUs 
(most sorption and precipitation data in the literature is from equilibrium batch tests but field 
studies at CSM suggest that precipitation is not an equilibrium process). In addition, phosphates 
are subject to biological assimilation, sorption or precipitation, but some of these processes are 
reversible and depend greatly on the reduction-oxidation state of the soil, soil mineralogy, 
presence of other ions in STE, and hydraulic loading rate. Furthermore, the few reports in the 
literature have conflicting results regarding the amount of phosphorus removed in STUs, ranging 
from complete removal to development of distinct phosphorus plumes in groundwater beneath 
STUs. Thus, only supplemental information (compilation of knowledge from the literature, 
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McCray et al., 2009) is provided for phosphorus that should help practitioners make better 
decisions related to STU performance. 

 

2.1 Tool Development 
Simple tools must be defensible. Two types of defensible tools are presented in the 

toolkit: 1) tools based on statistical analysis of data available in the literature, and 2) tools that 
honor the current understanding of the scientific principles associated with the physical, 
chemical, and microbial treatment processes. The tools were also evaluated against measured 
data with no attempt to consider processes or design elements when the treatment theory is not 
well understood or where corroborative data is not readily available in the literature. For this 
reason, tool development did not rely solely on common understanding, which is often deficient 
with regard to the above criteria, and is thus not defensible. In addition, the tools must bridge the 
gap between incorporating biophysicochemcial processes known to be relevant, and the ability to 
corroborate such tools versus measured data. Thus, development of “simple”, user-friendly tools 
that represent complex systems requires certain assumptions. A complete discussion of the 
scientific principles and governing assumptions for the toolkit is provided in the User’s Guide 
(Chapter 1.0). 

Simple tools can be very helpful for a wide range of common OWTS scenarios. Because 
sufficient understanding, data, and project schedule do not exist to completely represent the wide 
range of STU conditions that occur, there are certain conditions where the developed tools are 
not sufficient to adequately predict performance, or the uncertainty in these predictions may be 
unacceptable for certain high-risk scenarios. In these cases, it must be recognized that more 
rigorous numerical modeling is required. It is up to the user to decide if the simple tools provided 
in this toolkit are appropriate or if more rigorous modeling/tools are required. 

Empirical tools developed based on statistical evaluation of the available literature data 
provided insight into treatment and the factors influencing treatment, but the data sets were 
generally not sufficiently robust to enable development of empirical tools that were statistically 
reliable. Thus, the tools developed for this toolkit are based on current scientific understanding of 
the dominant soil processes influencing treatment, while avoiding theory too complex to allow 
evaluation of tools versus practically measurable data.  

The visual-graphic illustrations (nomographs, cumulative probability graphs, scenario 
illustrations) of STU treatment are based on synthetic data sets obtained using the HYDRUS 
model software package (HYDRUS 1D, 2D, and 3D). HYDRUS simulates unsaturated transport 
of multiple species in saturated/unsaturated soils. It also has the ability to simulate a variety of 
pollutant reactions and transformations, geochemical reactions, kinetic and equilibrium reactions, 
as well as ponding and variable loading rates. HYDRUS has been used for various applications 
in OWTS by members of this research team (McCray et al., 2000; Beach and McCray, 2003; 
Doyle et al., 2005; Radcliffe et al., 2005; Pang et al., 2006; Bumgarner and McCray, 2007; 
Heatwole and McCray, 2007; Radcliffe and West, 2007; Finch et al., 2008) and by other 
researchers outside the project team (Beal et al., 2008). Specific for this project, HYDRUS was 
modified to account for the effect of water filled porosity, carbon content, and temperature on 
treatment to improve its ability to simulate nitrogen transformation under a variety of OWTS 
loading conditions. Based on an evaluation of many different numerical models, the newly 
modified version of HYDRUS was deemed to be the most robust model for examining OWTS 
STU performance.  
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N-CALC is a spreadsheet model to investigate steady-state treatment effectiveness based 
on soil type. N-CALC accounts for removal processes such as adsorption, nitrification and 
denitrification that can be used with minimal technical expertise. Initial screening with N-CALC 
may aid the user in determining whether more resources should be devoted to data gathering or 
implementation of a more rigorous model such as STUMOD or HYDRUS is required. The 
assumptions and limitations associated with HYDRUS, STUMOD, and N-CALC are described 
in the companion User’s Guide (Chapter 1.0). 

STUMOD is an easy-to-use spreadsheet model that estimates treatment performance with 
depth based on user-specified input for soil hydraulic parameters, loading rate, and soil-treatment 
parameters. STUMOD is relatively sophisticated with respect to the soil-hydraulic and treatment 
processes (incorporates many of the complex hydraulic and biochemical transformation 
processes found in HYDRUS) and can be calibrated to site data. However, the spreadsheet 
implementation requires simplification of OWTS operating conditions (e.g., constant loading 
rate, one-dimensional infiltration and treatment, etc).  

 

2.2 Tool Description 
2.2.1 Spreadsheet Tools 

Two spreadsheet tools that use simplified transport models (e.g., for nitrogen 
transformation) were developed. These spreadsheet tools provide reasonable representations of 
more rigorous numerical models (e.g., HYDRUS 2D).  

2.2.1.1 N-CALC 
A simple spreadsheet tool, termed “N-CALC”, can be used to investigate steady-state 

treatment effectiveness based on soil type (i.e., long-term performance for a relatively mature 
system). N-CALC is a screening level tool that can be used when input data is limited, or as an 
initial step to determine whether impacts from OWTS are likely under worst-case scenarios (no 
mixing or attenuation). It can be used with minimal technical expertise, and would also be 
helpful as a field calculator. The model could also be used to determine whether more resources 
should be devoted to data gathering or implementation of a more rigorous model such as 
STUMOD or HYDRUS is required. Thus, N-CALC can provide a cost-effective means to 
evaluate OTWS strategies before more expensive models are employed for a specific site. 

N-CALC is relatively simple and requires few input data (Figure 2-1). The input 
parameters include effluent concentrations, hydraulic loading rates, porosity, soil depth, and 
parameters for nutrient transformation (sorption, first order nitrification and denitrification rates). 
N-CALC accounts for removal processes such as adsorption, nitrification and denitrification, but 
does not account for the effect of soil moisture or temperature on nitrogen treatment processes. 
Default values are recommended for each input parameter; however, users can use values 
specific to their site if available. The output is the expected performance illustrated as nitrogen 
concentrations and mass flux at a specified depth. Some examples of how the N-CALC can be 
used by OWTS practitioners include: 

♦ Initial screening to evaluate if OWTS impacts are of potential concern based on model 
runs that consider a range of possibilities for treatment results. If “impact” is a reasonable 
concern, then models with increasing complexity and implementation cost may be used 
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in a sequential manner until the decision makers are comfortable with the uncertainty in 
the predictions, and the relative risk associated with those decisions. 

♦ Users can obtain predictions on the fraction of ammonium, nitrate or total nitrogen 
removed at a particular depth below the infiltrative surface. An estimate of total nitrogen 
loading along the trench center line is calculated based on concentration and flow rate. 

♦ A preliminary evaluation of treatment for different scenarios, such as lower nitrogen 
concentrations in effluent (e.g., due to various levels of pretreatment), soil type, and 
loading rates.  

♦ A training tool to help promote a better understanding about how fundamental factors or 
processes influence OWTS treatment.  

 

 
Figure 2-1. Illustration of N-CALC User Interface Showing Inputs and Outputs for Clay Soil. 

 

2.2.1.2 STUMOD 
STUMOD estimates treatment performance with depth based on user-specified input, but 

enables the user flexibility for input of soil hydraulic parameters, loading rate, and soil-treatment 
parameters. STUMOD is relatively sophisticated with respect to the soil-hydraulic and treatment 
processes, and can be calibrated to site-specific data (User’s Guide, Section 2.2.4). STUMOD 
incorporates the same nitrification/denitrification equations used in HYDRUS, which are built 
into a spreadsheet, thus allowing users with no previous modeling knowledge to evaluate likely 
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STU performance. However, the spreadsheet implementation requires simplification of OWTS 
operating conditions (e.g., constant loading rate, one-dimensional infiltration and treatment, etc) 
and input parameters which are described in detail in the User’s Guide (Chapters 1.0 and 2.0).  

The input parameters include operational parameters (effluent concentrations, loading 
rates) and parameters for nutrient transformation (sorption, zero order nitrification and 
denitrification rates). Default values are provided in the user interface to aid the user during 
selection of inputs (Figure 2-2). The model requires a significant level of user sophistication with 
regard to using the appropriate input parameters. To supplement these default values, additional 
reference information is provided in the literature review (McCray et al., 2009) as well as look-
up tables, and CFDs (User’s Guide, Chapter 3.0). The output is expected performance such as 
constituent concentrations and fraction of nitrogen removed at user-selected depths (Figure 2-2).  

 

 
Figure 2-2. Illustration of STUMOD User Interface Showing Default Input and Outputs for Clay Soils. 

 

Based on the complementary literature review (McCray et al., 2009), available data is 
very sparse and tool development based on literature data alone was not feasible. STUMOD was 
developed based on existing fundamental principles of water movement and contaminant 
transport. An analytical solution is used to calculate profile of pressure and moisture content in 
the unsaturated STU. The chemical transport component is based on simplification of the general 
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advection dispersion equation, which is based on chemical mass-balance. The model calculates 
change in moisture content with depth; thus, the effect of soil moisture content on nitrification 
and denitrification rate can be determined. It also has provisions to account for the effect of 
temperature. The model is linked with a risk-simulation software so that the uncertainty in 
nitrogen removal can be evaluated based on the uncertainty in the relevant hydraulic, transport 
and nitrogen transformation parameters. The model is not theoretically appropriate for shallow 
water tables, and does not explicitly account for any soil layering in the subsurface. Examples of 
how STUMOD can be used by OWTS practitioners are: 

♦ Quantitative assessments of nitrogen concentration for STUs. Users can obtain 
predictions on the fraction of ammonium, nitrate or total nitrogen removed versus depth 
below trench, and nitrogen loading along the trench center line. 

♦ Scenario Evaluation. Practitioners can perform rapid evaluations of scenarios that may 
influence nitrogen treatment such as the influence of nitrogen concentrations in effluent, 
soil properties, loading rates, and temperature. 

♦ System design. Hydraulic loading rates, effluent quality, trench size, or loading area can 
be evaluated in light of nitrogen treatment goals.  

♦ Rigorous system design. STUMOD can be calibrated to site data (e.g., removal rates) and 
subsequently used to optimize operation of OWTS or to design new OWTS in a similar 
soil setting.  

It is recognized that the sophistication of STUMOD may preclude practitioners from 
using the tool. In this case, hundreds of visual-graphic illustrations for treatment were developed 
for a variety of conditions relevant to OWTS, including different loading rates, 
climates/geographic regions, soil types, and nitrogen concentration ranges. The visual-graphic 
tools provide a likely range of treatment outcomes and a probability associated with any 
particular treatment effectiveness. This output enables planners and regulators to make decisions 
based on their willingness to accept an agreed-upon level of quantified risk. These visual-graphic 
tools are provided in a separate file “Visual-Graphic Tools” and include nomographs, cumulative 
probability graphs, and scenario illustrations.  

2.2.2 Visual Graphic Tools 
The simplest tools developed are visual-graphic tools including look-up tables, CFDs, 

nomographs, cumulative probability graphs, and scenario illustrations. Look-up tables and CFDs 
aid input parameter selection when using N-CALC, STUMOD or HYDRUS. Nomographs, 
cumulative probability graphs, and scenario illustrations all enable initial screening of expected 
STU performance based on the predicted output from either STUMOD or HYDRUS. 

2.2.2.1 Look-Up Tables 
Look-up tables are reference tables that provide values or ranges for specific conditions. 

Primarily, look-up tables summarize important model input parameters based on values reported 
in the literature such as ammonium sorption isotherms, denitrification rates, effluent 
concentrations, etc. Look-up tables also capture specific factors that play a role the physical, 
chemical, or biological process, but insufficient information is available to quantify. In this case, 
an understanding of the relative behavior is intended help users select appropriate values from 
CFDs or from other sources. Table 2-2 illustrates a look-up table for guidance when selecting 
ammonium sorption rate (Kd) values. For example, in the case of ammonium sorption, if the 
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cation exchange capacity is very low, sorption is expected to be very low as well and the user 
may want to choose a smaller Kd value from the CFD or reduce the default value in STUMOD. 
In contrast if the concentration of chemical oxygen demand in STE is very high, sorption is 
expected to increase and a higher Kd value should be considered. Look-up tables are presented 
by parameter in the User’s Guide (Chapter 3.0). 

Table 2-2. Example of Look-up Table Illustrating Factors Influencing Ammonium Sorption.  

Factors Units Expected  
Field Condition 

Resulting  
Ammonium Sorption 

Ammonium-nitrogen concentration of the effluent mg-N L-1 Low High 
High Low 

Chemical oxygen demand of the effluent mg L-1 Low Low 
High High 

Cation exchange capacity of the soil meq 100g-1 Low Low 
High High 

Calcium and magnesium mineral content of the soil mg L-1 Low High 
High Low 

Clay content of the soil relative % Low Low 
High High 

Water filled porosity of the soil % Low High 
High Low 

 

2.2.2.2 Cumulative Frequency Distribution Diagrams 
When sufficient data are available, CFD diagrams are provided to enable better 

understanding of the assimilated data. CFDs are useful to estimate the proportion of a population 
whose measured values are greater than or less than some stated level (Snedecor and Cochran, 
1980). The cumulative frequency as a percentage is presented on the y-axis and the reported 
values are presented on the x-axis (Figure 2-3).  

In the case of summarizing literature values, the CFD also illustrates the uncertainty or 
“risk” in the reported data. The amount of available data (or lack of) is shown by the individual 
data points used to generate the distribution curves. Symbols represent values and lines represent 
trends. Increasing the number of data values (e.g., number of symbols illustrated) for a specific 
parameter, better represents the cumulative distribution and provides greater certainty in the 
reported range of values. The slope of the curve is also insightful. A steeper slope represents less 
variability in the range of data values (e.g., the 75th and 25th percentile values are not much 
different from the median value) which minimizes the uncertainty of selecting a parameter value. 
Alternative, a flatter slope indicates a wider range of values (where the 75th and 25th percentile 
values are much different from the median value) where more precise estimation of the 
parameter is difficult and may result in greater error. 

Cumulative percent values selected from the CFD plots are interpolated from given 
points and should be used as approximate values. In Figure 2-3 the literature reported values for 
cBOD5 in STE are summarized. A value that corresponds to the 75th percentile means that 75% 
of the cBOD5 values reported in the literature were lower than this specific value. Similarly, the 
50th percentile value means that 50% of the cBOD5 values reported in the literature are higher 
and 50% of the reported values reported are lower than this value. In other words, the 50th 
percentile value is the median value.  

The CFD enables the user to select a value from a range of actual reported data that 
incorporates an acceptable uncertainty for a specific condition. For example, a look-up table may 
provide the median ammonium sorption isotherm (Kd) based on reported conditions for key 
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conditions (e.g. soil type, laboratory or field test, etc.) while the complementary CFD shows all 
of the reported data and the distribution of the full range of values. In a sensitive location, a 
lower Kd value may be selected from the CFD to minimize the estimated ammonium sorption 
resulting in prediction of higher concentrations of mobile nitrogen in the STU. Alternatively, as a 
first estimate, perhaps the median value is used and the resulting nitrogen concentrations 
assessed for acceptable performance or not. Most importantly, a CFD provides the reported 
range of values which helps ensure that the user-selected values are realistic. CFDs are presented 
by parameter in the User’s Guide (Chapter 3.0). 

 
Figure 2-3. Example CFD Illustrating cBOD5 Concentrations in STE (adapted from Lowe et al. 2009). 

 

2.2.2.3 Nomographs 
A nomograph is a graphical representation of a numerical relation based on a set of 

conditions. Two types of nomographs were developed for the toolkit: 1) nomographs that 
illustrate nitrogen removal in the soil with depth for specific conditions; and 2) cumulative 
probability graphs that illustrate the likelihood that a specific removal will be observed at 
different depths.  

The first type of nomograph illustrating nitrogen concentration with depth for specific 
conditions was generated based on STUMOD (Figures 2-4 and 2-5). These nomographs 
represent the expected worse case condition of the maximum steady-state concentration directly 
below the center of the point of infiltration. Because STUMOD is a relatively simple spreadsheet 
program (compared to HYDRUS), each simulation runs quickly and nomographs were made 
illustrating the fraction of nitrogen remaining with depth for the following conditions (additional 
description of the nomograph conditions is provided in the Users Guide): 

♦ Soil Type: clay, clay loam, loam, loamy sand, sand, sandy clay, sandy clay loam, sandy 
loam, silt, silty clay, silty clay loam, silty loam 

♦ HLR: 2 cm d-1 or 5% of saturated hydraulic conductivity (Ksat) (varied by soil texture) 
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♦ Effluent Concentration: STE represented by 60 mg-N L-1 as ammonium-nitrogen and 1 
mg-N L-1 as nitrate-nitrogen or nitrified effluent represented by 15 mg-N L-1 as nitrate-
nitrogen 

♦ Temperature Region: hyperthermic, thermic, mesic, frigid/cryic  
These nomographs are presented in a separate “Visual-Graphics Tools” file. A total of 

240 comparative curves on 60 nomographs are provided. These nomographs quickly provide 
insight into expected nitrogen removal (based on the assumptions incorporated in STUMOD). 
For example, Figure 2-4 suggests that if the desired treatment goal is 50% nitrogen reduction for 
the listed conditions, then in very warm soil conditions (hyperthermic) ~45cm of unsaturated soil 
is expected to be required compared to >120 cm of unsaturated soil in very cold soil conditions 
(frigid/cryic). Alternatively, Figure 2-5 suggests that for an initial concentration of 150 mg-N L-1 
as ammonium, in moderate temperature conditions (mesic) ~20% nitrogen is expected to be 
removed compared to 60% removal in a warm climate (hyperthermic). Note, soil temperature 
regimes for the contiguous United States are provided in Users Guide, Figure 3-9. 
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Figure 2-4. Nomograph Illustrating Fraction of Nitrogen Remaining with Depth in Different Temperature Regions. 
Assuming soil type = sandy loam shown, standard effluent, HLR = 2 cm d-1 (other STUMOD input parameters are shown 
in the Visual-Graphic Tools, Table VG-1). 
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Figure 2-5. Nomograph of Percent Nitrogen Removal at 60 cm Depth in Four Different Temperature Regions due to 
Different Effluent Concentrations. Assuming soil type = clay loam, HLR = 2 cm d-1 (other STUMOD input parameters are 
shown in the Visual-Graphic Tools, Table VG-1).  

 

The second type of nomograph, referred to as “cumulative probability graph”, was 
generated through use of a visual basic code added to STUMOD to allow Monte Carlo 
simulations. Monte Carlo simulations rely on random selection of input values for model runs 
producing a method for statistically quantifying the uncertainty of a model outcome. A model is 
run numerous times with the input parameters selected randomly from ranges of expected values. 
The output of the model runs is then statistically analyzed and the probability of realizing any 
one particular outcome can be quantified, thus allowing the modeling results to be viewed as a 
nomograph in a risk-based framework (the same as a CFD) by displaying the cumulative 
uncertainty of a particular model output due to individual input data. These cumulative 
probability graphs are ideal for modeling processes such as nitrogen attenuation in a STU where 
large ranges of uncertainty exist or where certain data parameters are unknown or highly 
variable. 

Input values were generated according to built-in probability density functions that can be 
selected based on the available or expected data for a given input parameter. Up to 2000 Monte 
Carlo simulations were then incorporated into histograms and cumulative probability plots of the 
model outputs for a given set of conditions. These resulting cumulative probability graphs allow 
the user to determine the percentile of an outcome as well as illustrate “best”, “most likely”, and 
“worst” case outputs. Specifically, the Monte Carlo analyses based on STUMOD inputs provide 
the probability of the occurrence of a value (Figure 2-6). 
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Figure 2-6. Example Cumulative Probability Graph of Monte Carlo Simulation for Three Different Soil Depths. Assuming 
soil texture = clay, temperature region = mesic, standard effluent quality, HLR = 5% of Ksat (other STUMOD input 
parameters are shown in the Visual-Graphic Tools, Table VG-1). 

 

Rather than a single output that may or may not be accurate, this approach gives the 
probability of realizing any one specific outcome, based on the cumulative uncertainty of all 
model input parameters. For example, in Figure 2-6, a horizontal line through a given probability 
value of 50% suggests that there is a 50% likelihood that the fraction nitrogen remaining at 
60 cm is ~0.75 and at 30 cm is ~0.95 (solid arrows in Figure 2-6). Alternatively, a vertical line 
through the 0.8 fraction nitrogen remaining value enables the user to estimate the associated 
probability (likelihood) of 20% nitrogen removal at the 30 cm depth (15%), compared to at 
120 cm depth (80%) (dashed arrows in Figure 2-6).  

2.2.2.4 Model Output (Scenario) Illustrations using HYDRUS 
A flexible tool capable of complex scenarios is necessarily quite complex. The best 

approach is a numerical model that can incorporate any level of sophistication regarding 
subsurface heterogeneity, trench geometry, large multiple-trench systems, drip systems, water 
table position, or climate. For toolkit users who do not wish to implement a complex model, a 
series of colorful illustrations are provided that show the impacts of different scenarios on 
subsurface nitrogen concentrations, spatial treatment distributions, and mass-flux below a 
specified boundary. These visual-graphic tools illustrate the power of a numerical model, as well 
as provide some end-member treatment evaluations for the selected scenarios. A description of 
the scenario development is provided in User’s Guide (Section 2.4) 

The HYDRUS-2D scenario simulations also add a new type of information that is usually 
not available through conventional grab-sample techniques, which is an estimated mass flux at 
different depths below a trench or drip system. Mass flux provides understanding of the footprint 
from an STU rather than just an expected nitrogen concentration below the infiltrative surface. 
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The total mass load to the environment may be of more concern than a specific concentration in 
some locations. For example, this information is especially useful when setting total maximum 
daily loads (TMDLs) for a watershed, or for assessing the total nitrogen-contamination impact of 
cluster units. In this case the load over an area can be estimated through mass flux. Such 
information can then be used to back calculate how many trenches could be utilized at a site 
without exceeding the desired treatment goal. 

The results from the scenarios allow comparison of STU performance. Each scenario 
output illustrates: 1) the moisture content distribution, 2) the corresponding nitrogen 
concentration distribution, 3) mass flux estimates at 60 and 120 cm below the point of 
infiltration, and 4) a nomograph of the center maximum concentration below the point of 
infiltration. Example scenario output data sheets for the trench and drip simulations are shown in 
Figures 2-7 and 2-8.  

 
Figure 2-7. Description of the Scenario Output for Trench System Simulations. 
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Figure 2-8. Description of the Scenario Output for Drip System Simulations. 

 

2.2.3 Supplemental Information 
Supplemental information is also available that aids users in understanding key STU 

processes. Decision diagrams guide the user through selection of key input parameters and tool 
selection during the STU design process and are incorporated in this Guidance Manual (Chapter 
3.0). Detailed information related to transport processes incorporated during tool development 
and input parameter selection for simple tools can be found in the comprehensive literature 
review (McCray et al., 2009) conducted as part of this project. During the literature review, 
several data and informational gaps were identified. To address these gaps, laboratory and field 
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studies were conducted. Laboratory experiments were carried out at URI to study the transport 
and fate of a model bacterium and virus and at CSM to assess fate and transport parameters of 
selected organic wastewater constituents. Field testing was conducted at the UGA to assess 
hydraulic performance and nitrogen movement in clayey soil. Results from the field and 
laboratory studies are described in the User’s Guide (Appendix C and D). 

2.2.3.1 Decision Protocol 
A series of flow diagrams is provided to guide the user through the steps most often 

incurred during the STU design decision process. These flow diagrams serve as a decision 
protocol that prompts the user to choices important to evaluating or modeling performance 
treatment. The diagrams are also intended to guide the user to appropriate tools as well as 
selection of tool input parameters. This decision protocol is presented in Chapter 3.0 of this 
Guidance Manual. Several hypothetical examples are also provided to illustrate tool selection 
and refining performance risk based on available information. Finally, a worksheet form was 
developed to walk the user through key design decision steps (User’s Guide, Appendix B). 

2.2.3.2 Literature Review 
A comprehensive literature review supplements this guidance document and has been 

previously published as a separate WERF report (McCray et al., 2009). Based on the findings 
reported in the literature, several conclusions were drawn related to modeling tools applicable to 
OWTS: 

♦ No single model existed that was appropriate for modeling all wastewater constituents 
considered in this study. However, it may be possible to develop simple nitrogen models 
for STUs that predict the effect of different soil types (texture, structure, and drainage 
class) by adapting existing numerical models to OWTSs.  

♦ The biggest question in modeling OTWS nitrogen fate is – “To what extent does 
denitrification occur?”  

♦ Several studies indicate that differences in soil texture, structure or drainage class are 
likely to affect denitrification, largely through the effect of soil water content and oxygen 
availability. 

♦ The review of existing public domain and commercial models demonstrate that 
simulation of microbial characteristics in OWTSs is still largely uncharted territory.  

♦ The primary removal mechanism for bacterial pathogens and protozoa is mechanical 
filtration. This process is governed by soil texture, treatment depth, and the presence of 
unsaturated conditions below the infiltrative surface. 

♦ In contrast, neither soil texture nor treatment depth appears to control the removal of 
virus particles. Virus removal is primarily determined by the interplay of virus isoelectric 
point, pH, clay mineralogy, and the level of dissolved organic matter in STE. 

♦ Several studies have been conducted to model organic wastewater contaminants (OWC) 
fate and transport. However, OWCs form a broad class of compounds and it is unlikely 
that a single model or modeling approach will be appropriate for all OWCs.  

♦ OWC attenuation in the STU is affected by several different factors. A single treatment 
method does not exist that can reduce the concentrations of all different compounds.  
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2.2.3.3 Laboratory and Field Experimental Results 
The information gained during the literature review aided in the design of laboratory and 

field experiments conducted at URI and UGA to address data gaps and provide information for 
the development of the tools within the toolkit. Results from these studies are described in the 
User’s Guide (Appendix C and D). 

Laboratory experiments were carried out at URI to study the transport and fate of a model 
bacterium (E.coli) and virus (MS-2 coliphage) using three types of soils obtained from sites in 
Rhode Island, Colorado, and Georgia. HYDRUS was then used to simulate microbial transport 
and fate processes, such as the transport of viruses, colloids, and/or bacteria by either 
attachment/detachment theory or filtration theory. The primary objective of these laboratory 
experiments and HYDRUS simulations was to provide the practitioner with guidelines to 
estimate bacteria and virus removal efficiencies for OWTSs based on a trench design and pulsed 
loading. The experiments and simulations indicate that the design of OWTSs should focus 
primarily on bacteria removal. Second, even prior to the formation of a mature biofilm, bacteria 
removal was quantitative at depths exceeding 70 cm. The removal effectiveness varied only 
slightly under variably high stress conditions, with changes in the HLR having the comparably 
greatest impact. Even though the structured clay loam soil from GA efficiently removed bacteria 
from the aqueous phase, further work is needed to better understand the potential influence of 
preferential flow transport in structured materials. 

The field test site at the UGA was established to conduct OWTS experiments in clayey 
soil while measuring hydraulic performance and nitrogen movement. These results were then 
used to develop a 2Dimensional model of water and nitrogen movement and compare the model 
predictions to the data obtained at the experimental site. Nitrate concentrations in the soil 
beneath the trenches were generally low, but above background concentrations, and increased 
with time during the 6 months in which samples were collected. Ammonium concentrations were 
very low, except immediately below the trench on the last two sampling dates. The CW2D 
model accurately predicted water movement and pressure heads, but underestimated nitrate 
concentrations in the soil as observed at the UGA experimental site. 

2.2.3.4 Other Materials 
Relevant general reference materials (USDA soil textural triangle, conversions for 

common parameters HLR) are also provided in the User’s Guide (Appendix A). This toolkit 
incorporates the scientific principles as currently understood. However, as research and the 
behavior of STUs advances, improved tools are expected to be available. 

Outreach materials will continue to be developed in support of this toolkit. A range of 
materials will be considered including conference presentations, journal publications, 
informational fliers, web-based seminars, and training workshops. Users should view the 
following websites for updates: www.werf.org, http://smallflows.mines.edu, 
http://www.uri.edu/ce/wq/OWT/index.htm, and 
http://www.cropsoil.uga.edu/extension/index.html.  
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CHAPTER 3.0 
 

STU DESIGN AND TOOL IMPLEMENTATION 
 

 

 

While OWTS vary widely in their design and implementation, conventional OWTS rely 
on septic tanks for retention and digestion of solids in raw wastewater followed by discharge of 
wastewater effluent to the STU. Like an OWTS, the STU design also varies widely, but 
generally relies on unsaturated flow for further treatment and eventual recharge to underlying 
groundwater. In environmentally sensitive areas or where site conditions are not suitable for 
conventional systems, advanced treatment (e.g., sand filters, textile media filters) may be 
implemented to decrease constituents of concern (e.g., BOD, total suspended solids, total 
nitrogen). To select, design, and implement a properly functioning OWTS, it is thus important to 
assess the operational conditions and parameters that affect treatment performance relevant to the 
site of interest. This must be done in context of the current knowledge of the site conditions, 
scientific principles, and treatment and performance goals.  

The tools within the toolkit were developed to help the user decide if the uncertainty in 
STU performance is acceptable based on the specific target goals. In some cases, the tools may 
suggest additional information should be collected to assess the expected STU performance with 
more confidence. In all cases, a clear understanding of the site is of utmost importance, whether 
the user of the tools is interested in the performance of an existing system or is looking to design 
a new system. In addition, the importance of a soil scientist or other qualified person to describe 
the soil or other site conditions should not be over looked. The information presented here is 
intended to aid in choosing the best possible simplifying assumptions for selection and use of 
tools presented in this toolkit rather than to estimate actual field conditions. In this manner, the 
enlightened user can make better-informed decisions that account for the uncertainty in the 
treatment predictions as well as the stakeholders’ collective willingness to accept or deny risk 
under some level of uncertainty. The tools enable the user to start with simple tools that provide 
some general insight and then use more complicated tools if more data are available, or if more 
insight into the uncertainty of the predictions is desired. Progressing through simple to more 
complex tools ultimately guides the user to the simplest tool that is appropriate, but discourages 
using a tool that is too simple for the decision at hand. 

A protocol, in the form of a series of flow charts is provided to guide the user through the 
series of steps most often incurred during the design decision process. These flow diagrams are 
intended to aid in the identification of the important steps as well as guiding the user to 
appropriate tools helpful in aiding selection of tool parameters. Reference within the flow 
diagrams to look-up tables, CFDs and other information directs the user to the available pertinent 
information. For a more experienced user, they may wish to start directly with STUMOD or 
other tool implementation referring to only limited sections of this guidance manual. 
Alternatively, a worksheet form is provided (User’s Guide, Appendix B) that directs the user 
through parameter selection during use of the tools. Guidance for parameter selection is provided 
in Chapter 3.0 of the User’s Guide. 
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3.1 Conceptual Design 
The first step in assessing OWTS implementation is to develop a conceptual design 

(Figure 3-1). This process consists of analyzing various approaches to develop a site specific 
design, including: 1) identifying objectives and treatment goals; 2) analyzing existing 
information; and 3) making informed assumptions to quickly narrow the range of likely options. 
Typically general information about the site is gained such as topography, landscape, depth to 
water table, available STU area, potential set-back limitations, etc. Additional information 
related to the wastewater source is also obtained such as residential or commercial and expected 
flow (e.g., the size of the residence, how many occupants reside there). Based on this initial 
information, an iterative conceptual design process may continue to reduce uncertainty to 
acceptable limits as warranted by individual conditions. In some situations the conceptual design 
may be straight forward based on prescriptive guidelines. For example, in a remote location with 
low OWTS density, adequate soil conditions, residential effluent, and no environmental or public 
risk, a trench design based on an estimated flow and long-term acceptance rate may be all that is 
required. However, in other situations, the conceptual design may be a more detailed process of 
screening several input conditions with several treatment approaches to ultimately optimize the 
reduction of risk to a sensitive environment. In some situations, advanced treatment should be 
considered. For the purposes of this toolkit, “advanced treatment” is viewed as pre-treating the 
STE before discharging to the soil in order to supplement the soil’s ability to remove 
contaminants. 
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Figure 3-1. Conceptual Design Decision Diagram. 

 

3.1.1 Identify Objectives and Treatment Goals 
Specific objectives and treatment goals may vary due to: 1) local regulations (e.g., depth 

from infiltration zone to water table, nitrogen discharge limits etc.); 2) sensitive areas where 
protection of the environment is of utmost importance; or 3) significant growth and development. 
In the past, prescriptive design and siting requirements were often based on the presumption that 
the system was being maintained such that it is performing to meet implied objectives or 
treatment goals (e.g., protect groundwater). However, due to budget and staffing limitations, 
field systems are rarely monitored to verify that the STU is indeed maintained and performing as 
expected with respect to treatment of wastewater constituents. Furthermore, treatment goals are 
often specified only after a problem has been identified (e.g., elevated nitrogen concentrations in 
receiving waters, bacterial detection in drinking water wells, etc.). In these cases, the associated 
corrective measures can be costly, difficult to implement, and face stakeholder resistance. 
Decisions are also often made related to lower density suburban development served by OWTS 
compared to higher density urbanized development served by centralized treatment plants 
without evaluation of various scenarios based on treatment performance improvement. Thus, it is 
critical to identify and have a clear understanding of the treatment goals prior to final OWTS 
design. 

3.1.2 Analyze Existing Information 
All conceptual designs start with some level of existing knowledge and information. This 

knowledge and information may be a result of professional experience, specific data collected, or 
a statistical summary of a range of data. When specific data cannot be obtained, the median value 
is often a good place to start. When sufficient data are available, look-up tables highlight factors 
important for consideration and CFD diagrams provide understanding of assimilated data. It is up 
to the user to assess if existing information or literature data is sufficient or if additional data 
gathering is required. In all cases, a clear understanding of the site is of utmost importance, 
whether the user is interested in the performance of an existing system or is looking to design a 
new system. 

3.1.3 Make Informed Assumptions 
In order to develop a conceptual design, informed assumptions must be made. Making 

informed assumptions often requires an iterative process of re-evaluating existing information 
(Guidance Manual, Section 3.1.2) in the context of treatment objectives (Guidance Manual, 
Section 3.1.1) (Figure 3-2). To increase the risk of meeting treatment objectives, the uncertainty 
in the key operational and treatment parameters must be reduced. In some cases, professional 
experience may provide acceptable certainty to ensure treatment objectives are met. However, in 
other cases, one outcome may be the requirement to collect specific field data while another 
outcome may be the implementation of tools within this toolkit to improve the understanding of 
the expected STU behavior, and yet another outcome may be the need to consider an alternative 
OWTS design. 

Making informed assumptions does not necessarily mean that there is agreement or 
consensus on the assumption, but rather that the assumption, basis of knowledge, and 
certainty/uncertainty are clear. In this regard, the assumptions must be defensible. Assumptions 
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based solely on common understanding are often deficient and may not be defensible. 
Alternatively, certain scientific principles may underlie common understanding. For example, 
selection of a higher loading rate may be assumed to lead to higher saturation of the soil, which 
is linked to higher denitrification, which is theoretically good. However, higher saturation is also 
associated with faster travel times through the soil reducing the treatment time in the vadose 
zone. Because the reaction dependencies on soil saturation, and response of soil unsaturated 
hydraulic conductivity to saturation, are non-linear functions, prediction by intuition alone is 
difficult. Simplifying assumptions are not in and of themselves bad, but the associated 
uncertainty and the affect on the output (e.g., decision, spreadsheet model output) are important. 
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Figure 3-2. Making Informed Assumptions to Reduce Uncertainty Decision Diagram. 
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3.2 Delineate Operational Conditions 
After the initial conceptual design has been developed and assessed delineation of 

operational conditions continues in order to reduce uncertainty of risk and/or increase the 
likelihood of meeting defined objectives. In some cases, no further delineation of conditions may 
be required. However, in other cases additional information may be beneficial to better assess 
expected treatment performance. Key operational conditions include but are not limited to, 
gaining a clear understanding of the soil properties, effluent quality characteristics, the expected 
flows, and potential HLRs (Figure 3-3). Guidance for parameter selection is provided in the 
User’s Guide, Chapter 3.0. Alternatively, a worksheet form is provided (User’s Guide, Appendix 
B) that directs the user through parameter selection during use of the tools. 
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Figure 3-3. Delineate Operational Conditions Decision Diagram. 

 

3.2.1 Assess Soil Characteristics 
Specific knowledge of the soil is important prior to using this toolkit because the simple 

tools are based to a high degree on soil specific properties (Figure 3-4). Soil texture is one of the 
most important initial operating conditions to be estimated as it influences subsequent hydraulic 
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and treatment properties. During conceptual design and initial delineation of operating 
conditions, soil texture may be easily obtained from existing databases (e.g., State Soil 
Geographic (STATSGO), Soil Survey Geographic (SSURGO), or Natural Resources 
Conservation Service (NRCS)). Information obtained from a database may also be adequate 
when a numerical model, such as HYDRUS, is used. However, actual soil samples from the site 
are especially necessary to finalize OWTS design or if the uncertainty in performance is high 
(e.g., environmentally sensitive areas). Furthermore, there will be greater confidence in any 
model output if site-specific information can be obtained. 
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Figure 3-4. Assess Soil Characteristics Decision Diagram. 
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Soil temperature is also an important soil characteristic that has a direct effect on 
microbial activity, fate and transport, and plays an important role in nitrogen transformation 
processes. Soil temperatures at depths relevant to OWTS (0.1 to 3 m below surface) can vary 
significantly geographically. The average annual soil temperature in the regions of interest can 
be used as an initial estimate for assessing treatment performance. 

Further field assessment is generally necessary to obtain site-specific measurements of 
physical and chemical soil properties. Physical properties, such as texture, soil profile with 
depth, soil moisture content with depth, Ksat, and depth to groundwater all affect hydraulic 
behavior and performance. Chemical properties such as seasonal temperature extremes (e.g., 
frost depth), organic carbon content, and pH may also be important for treatment performance. 
Site assessment should also identify hydrogeology and climatic conditions that are critical to 
treatment performance. For example, impediments to unsaturated flow may include restrictive 
layers in the subsurface, highly heterogeneous soils, seasonal water table fluxuations, or perched 
water zones. Extreme climatic conditions (drought, seasonal high and low temperatures, 
precipitation) may also impact soil conditions. These types of information are typically required 
to run even simple models with even more specific data such as residual and saturated soil 
moisture (θr and θs respectively), nitrification and denitrification rates, or van Genuchten 
parameters (α and n) required for numerical modeling or more rigorous estimates of STU 
performance. 

3.2.2 Assess Effluent Characteristics 
The effluent quality applied to the STU is a principle design parameter effecting 

performance due to mass loading to the STU and the physical, chemical, and microbial 
requirements for transformation processes. Historically, the effluent quality was often based on 
BOD5 and TSS loadings to the soil related to soil clogging concerns (Siegrist, 1988; U.S. EPA, 
2002). While these parameters are important for soil clogging, they do not adequately describe 
the effluent for other objectives such as nitrogen reduction or OWC prevalence. Specific 
knowledge of the effluent characteristics is important when using this toolkit to understand the 
effect of effluent quality has on meeting treatment goals (Figure 3-5). 

In the case of nitrogen reduction treatment goals, not only is the total nitrogen 
concentration of interest, but also alkalinity, pH and carbon (Figure 3-6). Alkalinity buffers the 
pH produced during nitrification with approximately 7 mg L-1 of alkalinity (as CaCO3) required 
for the nitrification of 1 mg-N L-1 (as ammonium-nitrogen). Sufficient alkalinity generally exists 
in effluent for nitrification, although concentrations can vary. The pH of the effluent will impact 
the magnitude of nitrification, as the nitrifying microbes are highly sensitive to low pH levels. 
Although the pH is normally within optimum levels for the microbes, low pH levels may be 
encountered in some nitrifying systems if the alkalinity is limited. The minimum carbon to 
nitrogen (C:N) ratio to facilitate denitrification is in the range of 4:1 to 7:1 depending on the 
form of carbon. If the C:N ratio is lower than 4:1, then sufficient carbon may not be present for 
denitrification. For residential STE, the C:N ratio is likely within the range of 4:1 to 7:1. 
Alternatively, for nitrified effluent if the carbon is reduced and nitrate-nitrogen remains high, 
these conditions may limit subsequent denitrification. Indeed, nitrate contaminated groundwater 
has occurred, and in such instances it can be assumed that one or more of the requirements for 
denitrification are not met. 

In the case of microorganisms, a wide range of human-pathogenic microorganisms 
(enteric viruses, enteropathogenic bacteria, and protozoa) are found in STE at concentrations 
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ranging from not present (e.g., specific virus) to >108 organism per 100 mL of effluent with 
infectious doses as low as 1 organism (McCray et al., 2009). The large differences in 
physicochemical properties among these organisms influence their fate in a STU. Thus, clear 
differences in factors controlling the fate of pathogenic organisms present in STE pose a 
challenge for optimization of removal of these organisms in STUs. For example, in principle, the 
use of soils with a sufficient amount of appropriate clay minerals would increase the probability 
of removal of viruses, bacteria and protozoa; however, soils with these properties are not evenly 
distributed in space, either requiring the use of engineered soils using imported clays minerals, or 
foregoing the benefits of virus removal in areas that lack appropriate clay minerals. Alterations 
in these design parameters are also likely to affect biogeochemical processes involved in removal 
of other parameters of interest (e.g., phosphorus and nitrogen) which rely on a particular set of 
environmental conditions and/or sequence of events to take place. It is generally assumed that 
the soil provides robust treatment conditions for microorganism removal due to physical 
straining and filtration. However, if preferential pathways in the STU are known to occur (e.g., 
fractured bedrock) with potential to contaminate drinking water sources, further assessment of 
microorganism removal for site-specific soil conditions should be evaluated rather than 
estimating differences in the effluent quality. 
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Figure 3-5. Assess Effluent Characteristics Decision Diagram. 



 

Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
 

3-11 

No

Yes

No

Assess Effluent Characteristics
for Nitrogen Reduction

No

Is 
5:1 < C:N < 20:1 ?

User’s Guide, 
Sect. 3.1.2.3

Yes

Is total 
nitrogen 

concentration 
known?

Estimate total nitrogen 
concentration

Users Guide, Sect. 3.1.2.4

Assess need for additional 
treatment / controls

Total nitrogen is
< 10 mg-N/L

Total nitrogen is
10 to 90 mg-N/L

Total nitrogen is
> 90 mg-N/L

No

Yes

Will STU 
performance 

goals be met?

Yes
Complete Evaluation of 
Effluent Characteristics
for Nitrogen Reduction

Evaluate alternate 
OWTS designs

No

Is 
Alkalinity:N > 4:1 ?

User’s Guide, 
Sect. 3.1.2.2

Is 
6 < pH < 9 ?
User’s Guide, 
Sect. 3.1.2.1

Yes

Use N-CALC, 
and/or STUMOD to 
assess performance

Refine effluent 
characteristics 
(look-up tables, 
CFDs) and/or 

conceptual design

No

Yes

No

Assess Effluent Characteristics
for Nitrogen Reduction

No

Is 
5:1 < C:N < 20:1 ?

User’s Guide, 
Sect. 3.1.2.3

Yes

Is total 
nitrogen 

concentration 
known?

Estimate total nitrogen 
concentration

Users Guide, Sect. 3.1.2.4

Assess need for additional 
treatment / controls

Total nitrogen is
< 10 mg-N/L

Total nitrogen is
10 to 90 mg-N/L

Total nitrogen is
> 90 mg-N/L

No

Yes

Will STU 
performance 

goals be met?

Yes
Complete Evaluation of 
Effluent Characteristics
for Nitrogen Reduction

Evaluate alternate 
OWTS designs

No

Is 
Alkalinity:N > 4:1 ?

User’s Guide, 
Sect. 3.1.2.2

Is 
6 < pH < 9 ?
User’s Guide, 
Sect. 3.1.2.1

Yes

Use N-CALC, 
and/or STUMOD to 
assess performance

Refine effluent 
characteristics 
(look-up tables, 
CFDs) and/or 

conceptual design

 
 

Figure 3-6. Assess Effluent Characteristics for Nitrogen Reduction Decision Diagram. 

 

In the case of organic wastewater constituents, the compounds expected to occur are 
largely based on the type of onsite source being serviced. While many compounds (detergents, 
antimicrobials) are fairly ubiquitous in all onsite wastewater sources, the occurrence of some 
compounds (such as pharmaceutical drugs) depends on the profile of the people contributing to 
the wastewater stream. The magnitude of concentration may also depend on source type. For 
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example, a convenience store with scheduled bathroom cleaning times may have higher 
concentrations of solvents and surfactants at certain times. 

Pharmaceuticals, antimicrobials, and other OWCs are often grouped into compound 
classes based on their function (i.e., antibiotics or cholesterol reducers). However, this grouping 
does not account for similarities or differences in treatment characteristics. For this toolkit, four 
common types of OWCs that may require treatment consideration are: 1) detergent/surfactant 
metabolites; 2) reproductive hormones; 3) phenolic antimicrobials; and 4) acid pharmaceutical 
compounds (Table 3-1). A comprehensive report on OWCs can be found in “State-of-the-Science 
Review of Occurrence and Physical, Chemical and Biological Processes Affecting Biosolids-
borne Trace Organic Chemicals in Soils”, WERF Project SRSK5T09 (Higgins et al., 2010). 

Table 3-1. OWC Groups and Examples of Common Contaminants. 
Surfactant Metabolites Reproductive Hormones Acid OWCs Phenolic Antimicrobials 

Nonylphenols Estrone NSAIDs Triclosan 
Nonylphenol Ethoxylates 17β-Estradiol 

17α-Ethynylestradiol 
Estriol 

Salicylic acid 
Gemfibrozil 
Diclofenac 

Triclocarbon 

 

It is presumed that for new systems, the expected effluent quality must be estimated. 
However, if the OWTS is already installed, a field sample of the effluent can be obtained. While 
generally agreed that flow-weighted samples are the most representative, a simple grab sample is 
often sufficient as changes in constituent concentrations are normalized due the effluent holding 
time in the septic tank (Van Cuyk et al., 2005; Lowe et al., 2009). In either case, the sample 
should be collected at a point in the system just prior to discharge into the STU. 

3.2.3 Assess Daily Flow 
Estimated daily flow is a critical OWTS operation and design parameter typically based 

on an estimated per capita occupancy of the bedrooms and some expected median per capita 
water use value. A conservative peak factor may be used (e.g., 1.5 times the average design 
flow) to ensure performance during high flow periods. Such an approach may be required by 
local regulations, but may also lead to oversized tanks and/or hydraulic loading of effluent to the 
STU at a fraction of the design HLR. A clear understanding of actual interior water use may 
enable OWTS designers and decision makers to evaluate various potential designs and 
performance implications.  

3.2.4 Assess Soil Hydraulic Loading Rate and Application Method 
The soil HLR is one of the principle design parameters for OWTS that effects STU 

performance. Based on the soil type, daily flow, and effluent quality, the appropriate HLR and 
the distribution method are determined. For conventional STU configurations, HLR is defined in 
units of length per time (e.g., cm d-1), which is the same as volume per time over area (e.g., gal 
ft-2 d-1). For drip dispersal systems, each emitter delivers a nominal rate of 2.3 to 2.5 L hr-1 (0.61 
to 0.65 gal/hr) +/- 5% at 7 to 60 psi. For drip dispersal systems, the HLR is a function of the 
frequency and duration of doses each day for a given length of dispersal tubing (i.e., number of 
drip emitters). 

An estimation of HLR typically begins with a percolation test or textural analysis of the 
soil (U.S. EPA, 2002), assuming a specific daily flow of STE based on number of bedrooms, 
occupants and a peaking factor (Guidance Manual, Section 3.2.3). Theoretically, a HLR can be 
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as high as the Ksat of the native soil. However, soil acceptance rates will decline over time even 
with the addition of potable water (Driscoll, 1987; Van Cuyk et al., 2005). The design HLR, or 
long term acceptance rate, commonly used in the United States ranges between 1-5 cm d-1 (~0.2-
1.2 gpd ft-2 d-1) (Bouma, 1975; Jenssen and Siegrist, 1990; U.S. EPA, 2002; Beal et al., 2005; 
Siegrist, 2006). 

The soil’s ability to transmit water is only one aspect of HLR design, the other is the 
nutrient loading associated with the effluent. A high HLR results in high nutrient loading on the 
receiving soil, which creates increased oxygen demand by the microorganisms degrading the 
wastewater and anaerobic conditions are created when the applied oxygen demand exceeds what 
diffusion through the soil is able to supply (Otis, 1985; Siegrist, 1988; Tyler and Converse, 1989; 
Erickson and Tyler, 2001; Van Cuyk et al., 2005). Consequently, the accumulating solids and the 
metabolic by-products may cause soil clogging and loss of infiltrative capacity (McKinley, 
2008). 

The range of HLRs is nearly infinite based on soil conditions, effluent quality, and daily 
flows. Development of visual-graphic illustrations in this toolkit focused on two comparable 
HLRs; 2 cm d-1 and 5% of Ksat for all soil textures, climatic conditions and effluent qualities 
(note scenario illustrations conducted for 10% of Ksat). This enables comparison across soil types 
to highlight key behaviors. For more refined estimation of HLR impacts, one of the spreadsheet 
models can be used. Both N-CALC and STUMOD, as well as HYDRUS, allow the user to 
specify the HLR. However, both N-CALC and STUMOD assume a constant steady state HLR 
(see User’s Manual, Chapter 1.0). For more complex loading rates (sidewall infiltration, timed 
dosing rates, etc.), numerical models such as HYDRUS 2D can be used to simulate these 
operating conditions. 

 

3.3 Delineate Parameters Affecting Treatment 
Based on the initial conceptual design and refined estimates of operational conditions, the 

feasibility of STU performance to achieve specific goals can be reassessed. Again in some cases 
a wide range of STU designs may be appropriate and no further evaluation is warranted. In other 
cases, the need for alternative technologies may need to be re-visited and/or better estimates may 
be critical to reduce uncertainty in the expected performance. In these later cases, more complex 
tools may be employed which require additional evaluation of key parameters affecting 
treatment.  

If additional evaluation is required, the parameters affecting treatment performance need 
to be assessed. Treatment performance in the STU is controlled by several factors, including 
operational characteristics and physical, chemical and biological properties that ultimately affect 
the fate and transport of nitrogen, microorganisms and OWC in a STU. While other factors (such 
as soil mineralogy, microbial population, etc.) may also play an important role in attenuation of 
different compounds, they are not included in this toolkit as either insufficient information was 
available for the incorporation of the processes in the tools or simplifying conditions could not 
be quantified. Specifically, a flexible tool capable of complex scenarios is necessarily quite 
complex (Users Manual, Chapter 1.0). 
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3.3.1 Parameters Affecting Nitrogen Attenuation 
Relevant key parameters can be identified depending on the defined treatment goals. For 

nitrogen attenuation, key treatment parameters include but are not limited to, sorption, 
nitrification and denitrification parameters (Figure 3-7). Guidance for parameter selection is 
provided in the User’s Guide Chapter 3.0. Alternatively, a worksheet form is provided (User’s 
Guide, Appendix B) that directs the user through parameter selection during use of the tools. 
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Figure 3-7. Assess Nitrogen Attenuation Decision Diagram. 
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The basis of nitrogen attenuation is that ammonium-nitrogen is converted to nitrate-
nitrogen (nitrification) and nitrate-nitrogen is converted to nitrogen gas (denitrification). Other 
processes (e.g., ammonification, anammox) may affect nitrogen attenuation, but are not 
incorporated into the tools as either insufficient information was available or simplifying 
conditions could not be quantified. Nitrification requires somewhat aerobic conditions while 
denitrification requires anaerobic conditions. However, both processes depend on the oxygen 
diffusion rates to and from nitrogen sites which effect kinetic transformation rates in the STU. 

Ammonium association with soils is an important process in nitrogen transformation. The 
sorption process is thought to be controlled by cation exchange processes, which depend on the 
ionic composition of the soil, as well as the ionic makeup of the effluent. To select an 
appropriate ammonium sorption coefficient, several factors should be considered including the 
concentration of ammonium-nitrogen in the effluent, the cation exchange capacity of the soil, the 
abundance of calcium and magnesium minerals, the abundance of clay minerals, the water filled 
porosity. See Section 2.1.1 and Section 3.2.2 in the User’s Manual for additional information on 
ammonium sorption and specific parameter selection. 

Nitrification is the process where ammonium ions are oxidized to nitrite then to nitrate by 
autotrophic bacteria. The nitrification rate is an expression of consumption of ammonium and 
formation of (ultimately) nitrate. To select an appropriate nitrification rate, several factors should 
be considered including the concentration of ammonium-nitrogen in the effluent, abundance of 
alkalinity (consumed in the reaction), the pH, the water filled porosity (as a surrogate for oxygen 
diffusion), and temperature. See Section 2.1.3 and Section 3.2.3 in the User’s Manual for 
additional information on nitrification rates and specific parameter selection. 

Denitrification is the process where nitrate is reduced to elemental nitrogen (either as 
nitrous oxide or nitrogen gas). The denitrification rate is an expression of the consumption of 
nitrate and formation of nitrogen gas. To select an appropriate denitrification rate, the key factors 
to consider include available carbon (consumed in the reaction) and the water filled porosity (as 
a surrogate for oxygen diffusion). See Section 2.1.4 and Section 3.2.4 in the User’s Manual for 
additional information on denitrification rates and specific parameter selection. 

3.3.2 Parameters Affecting Microorganism Attenuation 
In general, pathogens carried with the percolating STE are most likely to be attenuated in 

subsurface (Lance and Gerba, 1984). Factors influencing the transport and fate of 
microorganisms in the subsurface include the nature of the soil, microorganism type, 
attachment/detachment rates, filtration, temperature, microbial activity including the presence of 
other microorganism, inactivation, moisture content, pH, organic matter content, and hydraulic 
conditions including advection-dispersion (Jin and Flury, 2002) (Figure 3-8). In the case of 
viruses, the inactivation rate is considered the single most important parameter in groundwater 
systems (John and Rose, 2005), which is often slower than the rate of die-off of other pathogens, 
such as infectious bacteria (Faulkner et al., 2003). However, there is not yet a consensus on 
which factor(s) have the greatest impact on eliminating microbial matter in general. 

In the study of the transport and fate of microbial matter, mathematical models in 
combination with direct observation, can be useful tools for the quantitative assessment of 
microbial transport and fate in the subsurface. To develop guidelines for practitioners to estimate 
bacteria and virus removal efficiencies in STUs, laboratory experiments were carried to study the 
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transport and fate of a model bacterium (E.coli) and virus (MS-2 coliphage) in three soils: sandy 
soil (from Rhode Island), sandy loam (from Colorado), and structured clay loam (from Georgia). 
Removal efficiency was then simulated, based on a trench design with dosed loading under 
variable HLRs, precipitation patterns, initial microbe concentrations and other environmental 
stresses. These simulations suggest that the removal of E.coli: 1) decreased with decreasing 
HLR, 2) was independent of initial E.coli concentration, and 3) increased with precipitation or 
irrigation events (although the increase was relatively short termed). Simulations were not 
conducted for the removal of MS-2 because the laboratory results indicated that the removal of 
MS-2 (viruses) was much more effective relative to E.coli (bacteria)). Complete results of the 
laboratory testing and simulations are provided in the User’s Manual, Appendix D. Results from 
the laboratory experiments coupled with numerical modeling using HYDRUS-2D suggest high 
removal could be attained in the STU. However, specific simple tools could not be developed to 
address microorganism attenuation in the STU because attenuation relies on difficult to obtain 
field parameters (User’s Guide, Appendix D).  
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Figure 3-8. Assess Microorganism Removal/Inactivation Decision Diagram. 

 

3.3.3 Parameters Affecting Organic Wastewater Contaminant Attenuation 
OWCs, often referred to as emerging contaminants, pharmaceuticals and personal care 

products, or organic micro-pollutants, are being detected in surface water and groundwater 
influenced by OWTSs (Drewes et al., 2003; Zimmerman, 2004). Where OWTS sources are 
concerned, these compounds may be released into the STU from the effluent of the septic tank or 
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other treatment units. Based on the mechanisms for removal that are characteristic of many of 
these compounds, a well designed STU has the potential to reduce concentrations to negligible 
amounts for most OWCs, although the responsible microbiological, chemical, and physical 
mechanisms are not yet well understood. 

OWCs form a broad class of compounds, and thus no single model or tool is appropriate. 
Because of the variety of compounds, estimating treatment efficiencies for a specific STU 
includes a high degree of uncertainty at this time. However, known fate and transport 
mechanisms important for estimating treatment of OWCs include, but are not limited to, 
biodegradation, sorption, and abiotic degradation (Figure 3-9). Based on the characteristics of 
different OWCs, limiting STU treatment conditions include: 1) shallow depth to water table or 
confining layer, 2) low organic carbon content in soil, 3) anoxic soil conditions, and 4) high 
effluent pH. The depth to groundwater or a confining layer is important for conditions where 
OWCs do not strongly sorb to soils with low organic carbon and for soils that drain relatively 
quickly. The carbon content is important as the primary sorption mechanism for most of the 
targeted OWCs is hydrophobic partitioning to organic matter, while in other cases, pH-dependent 
organic matter partitioning may play a role (Higgins et al., 2010). Anoxic soil conditions are also 
important as many OWC compounds biodegrade aerobically, although some OWCs have been 
shown to undergo anaerobic biodegradation at lower rates. Finally, high pH effluent may affect 
the ability of acidic OWC compounds to sorb to soil particles. 
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Figure 3-9. Assess OWC Attenuation Decision Diagram. 
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3.4 Guidance for Tool Selection and Use 
The toolkit has been designed to be hierarchical in nature with tools that are diverse with 

regard to their ability to incorporate complexity, user sophistication, and appropriateness for use. 
During initial planning and conceptual design through detained design, the tools within this 
toolkit can be used to further refine key parameter selection thereby reducing the uncertainty of 
the STU performance assessment (Guidance Manual, Section 1.3.2). Selection and use of the 
appropriate tool depends on the: technical expertise of the user, the objectives and treatment 
goals, and the compound of interest. In context of the objectives and treatment goals, ideally the 
simplest tools are the first to be used. The simplest tools serve as screening tools to aid decision 
making as to whether further action is needed. However, simple tools cannot incorporate many 
of the complexities associated with different OWTS sites or pollutant treatment processes. If 
more detail is needed, spreadsheet tools can be used which are rigorous enough to include most 
relevant hydraulic and nitrogen-transformation processes, but still simplify the processes 
incorporated in numerical models. Finally, if more complex processes and/or less-common 
operating conditions need to be evaluated, a numerical model such as HYDRUS should be used. 

For less experienced or non-technical users, visual graphic tools such as look-up tables 
and CFDs can be used to guide parameter selection (e.g., median value from a CFD, some 
arbitrary value within the parameter range based on relative conditions described in a look-up 
table). Alternatively visual-graphic tools illustrating STU performance for specific conditions 
can be compared to identify how key parameters are expected to affect STU performance. N-
CALC and STUMOD are spreadsheet tools that are relatively simple to use for personnel trained 
in the natural sciences or engineering. Both of these spreadsheet tools allow the user to evaluate 
ranges of STU performance based on likely variations in operating conditions, soil hydraulics, 
and/or treatment parameters. N-CALC is based on a simplification of the general advection 
dispersion equation and is intended as a screening level tool that can be used where input data is 
limited. STUMOD was developed based on existing fundamental principles of water movement 
and contaminant transport, but is not theoretically appropriate for shallow water tables and does 
not explicitly account for any soil layering in the subsurface. Again, for more complex 
environmental or operating conditions, a numerical model such as HYDRUS should be used. 

The following examples illustrate selection and use of tools provided in the toolkit to 
refine assumptions while reducing the uncertainty in the estimated outputs. In these hypothetical 
cases, treatment goals are evaluated for different conditions. The described cases are hypothetical 
to illustrate selection and use of the tool and not intended to necessarily represent a “real-world” 
case. It is up to the user to define the individual case of interest, but it is important that 
appropriate selection of the tools and limitations of the outputs are understood to minimize 
misuse of the toolkit.  

3.4.1 Hypothetical Example 1: Conventional STU Performance 
In this hypothetical case, conventional STU performance is evaluated for a location in 

Iowa, receiving “standard” effluent, with the treatment goal of achieving 50% reduction of total 
nitrogen at 60 cm below the trench bottom. The following steps outline selection and use of the 
tools. 

1) Determine the soil texture at the site: Based on local NRCS maps for central Iowa, the 
soil texture is assumed to be sandy loam. It is also assumed that there are no limiting or 
unfavorable conditions (e.g., restrictive soil layers, high groundwater table, etc.).  
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2) Determine the expected effluent quality: Based on the CFD for nitrogen concentrations 
(User’s Manual, Figure 3-4) the median value of 54 mg-N L-1 as ammonium is assumed. 

3) Choose a preferred HLR: Because of the uncertainty in the daily flow, effluent quality, 
soil texture and structure, an average HLR of 0.4 gal ft-2 d-1 (~2 cm d-1) is chosen for 
sandy loam from the “Tyler Table” (U.S. EPA, 2002).  

4) Determine the average annual soil temperature: Based on the regional soil 
temperature map (User’s Manual, Figure 3-9) Iowa is located in the “mesic” soil 
temperature region.  

5) Summary of Example 1 initial conditions are: 
Treatment Goal: 50% reduction of nitrogen at 60cm 
Soil Texture: Sandy loam 
HLR: 2 cm d-1 
Effluent Nitrogen Concentration: 54 mg-N as ammonium 
Location: Iowa, mesic temperature region (annual mean soil temperature = 11.5oC) 

6) Use nomographs for initial screening: First, the appropriate nomograph to assess 
treatment at the desired soil depth (in this case 60 cm below the trench bottom) must be 
located. Based on the above assumptions, the nomograph that most closely represents the 
hypothetical conditions is for sandy loam soil, receiving standard effluent (60 mg-N L-1) 
at a rate of 2 cm d-1 (Visual-Graphic Tools, Figure VG-29). As illustrated in Figure 3-10 
(red circle), the nomograph suggests ~20% of total nitrogen is expected to be removed at 
60 cm depth in a “mesic” temperature region. This outcome does not meet the target goal 
of 50% nitrogen reduction with 60 cm of soil. 

 

 
Figure 3-10. Nomograph Most Closely Illustrating Example 1 Conditions. 

Note, actual conditions of nomograph are: sandy loam soil, HLR = 2 cm d-1, 60 mg-N L-1 as ammonium effluent concentration. 
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a. It is important to note that Figure 3-10 illustrates the expected behavior of 
different temperatures on nitrogen removal for the defined conditions (sandy loam 
soil, 2 cm d-1 HLR, 60 mg-N L-1 as ammonium effluent concentration). 
Specifically, as temperature varies such as winter in Iowa (blue dashed line to the 
right) a higher fraction of nitrogen will remain in the soil (~0.95) while in warmer 
temperatures such as summer in Iowa (blue dashed line to the left) a lower 
fraction of nitrogen will remain in the soil (~0.45). In this manner, assuming the 
same Example 1 initial conditions (sandy loam soil, 2 cm d-1 HLR, 54 mg-N L-1 
as ammonium effluent concentration), but in Wisconsin (frigid/cryic climate) the 
treatment goals are less likely to be achieved and additional refinement with the 
tools is necessary. Alternatively these same initial conditions, but in Arkansas 
(thermic climate) the treatment goals will likely be achieved and no further 
refinement is necessary. 

b. Because there is uncertainty in the input parameters used to generate the 
nomographs, a complementary cumulative probability graph can be used to assess 
this uncertainty or underlying risk of achieving the treatment outcome. After 
selecting the complimentary cumulative probability graph (Visual-Graphic Tools, 
Figure VG-177), first find the fraction nitrogen remaining from Figure 3-10 (red 
solid arrow = 0.8). Now go to the cumulative probability graph (Figure 3-11), 
locate this same fraction of nitrogen remaining on the x-axis and go up vertically 
(red solid arrow) until you intersect the soil depth of interest (red circle). From 
this intersection now go left horizontally (red solid arrow) to the y-axis and 
determine the associated uncertainty of the nomograph condition (0.8 Fraction 
Nitrogen Remaining, 60 cm depth), which is ~30% in this case.  
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Figure 3-11. Monte Carlo Cumulative Probability Graph for Three Different Soil Depths for Example 1 Conditions. 

Note, actual conditions of the cumulative probability graph are: sandy loam soil, thermic temperature region, HLR = 2 cm d-1, 
60 mg-N L-1 as ammonium effluent concentration. 
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c. In this example, the cumulative probability graph suggests there is a 30% 
probability that the output condition (Fraction of Nitrogen Remaining) will be less 
than 0.8. Alternatively there is a 70% probability that the fraction of nitrogen 
remaining in the soil will be greater than 0.8. Another way to express the same 
finding is that the fraction of nitrogen remaining at 60 cm is expected to be less 
than 0.8 (20% nitrogen removal) 30% of the time.  

d. Another way of using the cumulative probability graph (Figure 3-11) is to locate 
the treatment goal on the y-axis (blue circle), go vertically up to the 60 cm soil 
depth line (blue dashed line), then horizontally over to the x-axis to determine the 
percent likelihood of achieving that goal. In this case the probability of achieving 
a 50% removal at 60 cm in only ~10% which may be insufficient and further 
evaluation is warranted. 

e. In some cases this treatment outcome with associated uncertainty may be 
sufficient. However, for this example, the estimated treatment at 60 cm does not 
achieve the treatment goal of 50% removal of total nitrogen (0.5 fraction of 
nitrogen remaining) within comfortable uncertainty limits and further delineation 
of conditions and parameter inputs are warranted.  

7) Run spreadsheet tools to reduce uncertainty: If more accurate results are required 
beyond the nomographs to reduce uncertainty, N-CALC or STUMOD spreadsheet tools 
can be used. For this example, STUMOD simulation based on the Example 1 initial 
operational conditions illustrates that the total nitrogen was reduced from 54 mg-N L-1 to 
~42 mg-N L-1 (Figure 3-12). This evaluation results in 30% removal (Figure 3-13), which 
does not meet target goal of 50% nitrogen removal. This output is expected and in 
agreement with the nomograph evaluation. 

 
Figure 3-12. STUMOD Output Graph Illustrating Nitrogen Concentrations Assuming Example 1 Initial Conditions. 
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Figure 3-13. STUMOD Output Graph Illustrating the Fraction of Nitrogen Remaining in the 
STU Assuming Example 1 Initial Conditions. 

 

8) Refine initial conditions to achieve treatment goals: To achieve the 50% removal goal, 
further refinement in operational conditions can now be assessed. For this example, 
further refinement of operational conditions is done using STUMOD. 

a. If the HLR is changed to 1 cm d-1 and no other parameters are changed, the 
STUMOD output suggests no improvement in treatment performance. Further 
evaluation of HLR using STUMOD suggests that for these initial conditions, the HLR 
does not control performance. For example, even reducing the HLR to an 
unreasonably low value (e.g., 0.01 cm d-1) results in similar treatment performance. 
However, a similar type of evaluation where only the temperature is varied and no 
other parameters are changed, suggests that at higher soil temperatures (e.g., 17oC) 
total nitrogen was reduced from 54 mg-N L-1 to ~26 mg-N L-1 (Figure 3-14) or ~50% 
removal (Figure 3-15). This result may suggest that in warmer summer months the 
treatment goal is likely to be met, but during the remainder of the year the target goal 
may not be met. The user can then determine if this would be an appropriate field 
condition, if further STUMOD refinement is warranted, or a field evaluation should 
be conducted. 
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Figure 3-14. STUMOD Output Graph Illustrating Nitrogen Concentrations for Example 1 at Temperature = 17oC. 
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Figure 3-15. STUMOD Output Graph Illustrating the Fraction of Nitrogen Removed for Example 1 at Temperature = 17oC. 

 

b. If it is unreasonable to alter the HLR (e.g., expected daily flow, a limit to the design 
area, regulatory limitations, etc.) removal with depth can be evaluated to determine if 
the treatment goal can be achieved at greater soil depths. In this case the target depth 
in STUMOD is changed to 120 cm. Now evaluation of the nitrogen concentration 
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indicates the initial concentration of 54 mg-N L-1 has been reduced to ~13 mg-N L-1 
(Figure 3-16), which is ~ 75% nitrogen removal (Figure 3-17).  

 
Figure 3-16. STUMOD Output Graph Illustrating Nitrogen Concentrations for Example 1 at a Soil Depth of 120 cm. 

 

 
Figure 3-17. STUMOD Output Graph Illustrating the Fraction of Nitrogen Removed for Example 1 at a Soil Depth of 120 cm. 
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achieve the treatment goals. However, the accuracy of the model output depends on 
whether better information is available than the values initially used. In either case, 
this exercise provides the user with the sense of which parameters have the greatest 
effect on STU treatment performance. This information in turn enables better 
understanding of the limiting conditions and enables the user to evaluate the 
likelihood of realizing those conditions at the site.  

d. In the case of effluent quality, it could be assumed that additional treatment would be 
employed to produce effluent with ammonium concentrations of 10, 20, or 30 mg-N 
L-1. When STUMOD is run for these three different initial effluent concentrations, the 
resulting nitrogen concentration with depth can be evaluated (Table 3-2).  
 

Table 3-2. Summary of STUMOD Outputs for Different Initial Ammonium-nitrogen Concentrations. 

Initial Ammonium-nitrogen 
Concentration 

(mg-N L-1) 

Nitrate-nitrogen Concentration (mg-N L-1)  
at Soil Depth Below Trench 

0 cm 30 cm 60 cm 90 cm 
10 10 7.2 2.2 <1 
20 20 16.5 8.9 1.6 
30 30 26.3 17.5 6.6 

 

9) Revisit treatment goals and operational constraints: Following the refinement of 
parameter selection using STUMOD, the achievability of the initial treatment objectives 
can be re-assessed with the stakeholders and a revised conceptual design developed as 
appropriate. 

3.4.2 Hypothetical Example 2: Nitrified Effluent with Low Available Carbon 
Nitrified effluent can be evaluated in STUMOD (e.g., initial effluent concentration as 

nitrate-nitrogen rather than ammonium-nitrogen); however, the underlying assumption is that 
sufficient carbon is present for denitrification. In some cases, STE may be aerobically treated 
transforming the ammonium to nitrate while also reducing carbon concentrations. Because 
STUMOD does not incorporate a carbon function, Example #2 evaluates the effect of low carbon 
content by reducing the denitrification rate. In this example the STU performance is evaluated 
for a location in Southern Missouri, with silty clay soil texture and a target treatment goal of 
achieving 50% reduction of total nitrogen at 30 cm below the trench bottom. 

1.) Example 2 initial conditions: 
Soil Texture: Silty Clay 
HLR: 2 cm d-1 
Effluent Nitrogen Concentration: 70 mg-N L-1 as ammonium-nitrogen and 1 mg-N L-1 
as nitrate-nitrogen 
Location: Southern Missouri, thermic temperature region (annual mean soil temperature 
= 18.5oC) 
Treatment Goal: 35 mg-N L-1 (50% reduction of nitrogen) at 30 cm 

2.) Run STUMOD with default conditions for base case: The STUMOD simulation based 
on the initial operational conditions and the default input parameters, illustrates that the 
total nitrogen was reduced from 71 mg-N L-1 to ~45 mg-N L-1 at 30 cm (Figure 3-18). 
The STUMOD output suggests that while the target goal of 50% nitrogen removal at 30 
cm is not met, it could be met with an additional 10 cm of soil depth. 
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Figure 3-18. STUMOD Output for Example 2 Initial Conditions. 

3.) Run STUMOD assuming pretreatment to reduce nitrogen: Next STUMOD is again 
run, but this time assuming that some form of advanced treatment prior to the STU will 
be employed achieving 25% nitrogen reduction. In this case, the STUMOD simulation is 
based on an initial effluent concentration of 52.5 mg-N L-1 as nitrate-nitrogen and 1 mg-
N L-1 as ammonium-nitrogen, again using the default input parameters. The STUMOD 
output now suggests that the target goal is achieved (Figure 3-19). However, if it is 
expected that the carbon content may limit denitrification, the effect of a lower 
denitrification rate on the STUMOD output can be evaluated. 
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Figure 3-19. STUMOD Output for Example 2 Assuming Advanced Treatment Prior to the STU. 
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4.) Evaluate denitrification rate effect: Iterative runs of the same initial conditions, but 
changing only the denitrification rate, suggests that a minimum denitrification rate of 1.8 
mg-N L-1 d-1 is required to achieve the target treatment goal, assuming advanced 
treatment resulted in a nitrified effluent with 25% nitrogen reduction (i.e., 52.5 mg-N L-1 
as nitrate-nitrogen for input condition) (Figures 3-20 and 3-21). Comparing this 
denitrification rate to the CFD compiled from reported literature values (User’s Guide, 
Figure 3-18), indicates that approximately 43% of the maximum denitrification rates 
reported in the literature were below the value of 1.8 mg-N L-1 d-1 (Figure 3-22).  

This is a more conservative assumption than the STUMOD default condition, but an even 
more conservative estimate may be warranted. For example, choosing the 25th percentile 
rate on the CFD would be indicative of even less available carbon. After running 
STUMOD with the 25th percentile value (0.29 mg-N L-1 d-1), the fraction nitrogen 
remaining at 30 cm is 0.95, i.e., the initial nitrogen concentration was only lowered 5% 
(~47.4 mg-N L-1 remaining at 30 cm). 

 

 
 

Figure 3-20. STUMOD user input interface for Example 2. Red (solid) circles illustrate changes in input values. 
Blue (dashed) circle highlights the simulated fraction of nitrogen remaining at the selected soil depth. 
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Figure 3-21. STUMOD Output for Example 2 Assuming Conditions Illustrated in Figure 3-20. 

 
Figure 3-22. CFD of Denitrification Rates Assimilated from the Literature. 

Red (solid) lines show estimation of the frequency of 1.8 mg-N L-1 d-1. 
Blue (dashed) lines show the 25th percentile rate of 0.29 mg-N L-1 d-1. 

5.) Evaluate the associated uncertainty with the output: The user can now assess the 
uncertainty for the various conditions described above. It may be that the user is 
comfortable accepting the uncertainty within effluent concentration and expected 
advanced treatment nitrogen reduction, while the carbon availability is largely unknown. 
From this outcome, perhaps interim limits, such as 25 mg-N L-1 at 30 cm, are established 
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and monitoring conducted. If the interim limit is exceeded it may then trigger the need for 
further evaluation and/or decision making. Alternatively, the cumulative probability 
nomographs can be used to assess this uncertainty or underlying risk of achieving the 
treatment outcome. Evaluation of the cumulative probability graphs that most closely 
resemble the Example 2 conditions (Figure 3-23) suggests there is >95% probability that 
the output condition (Fraction of Nitrogen Remaining) will be less than 0.67. However, 
the user is cautioned that while the Monte Carlo simulation incorporates a range of input 
parameters (including denitrification rates), the underlying assumption is that sufficient 
carbon is available and the initial nitrate concentration was << 52 mg-N L-1. 

 
Figure 3-23. Comparison of Cumulative Probability Graph to Evaluate Uncertainty for Example 2 STUMOD Outputs. 

 



 

Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
 

3-31 

3.4.3 Hypothetical Example 3: Estimating STU Mass Loading 
Estimating the mass of nitrogen percolating from the STU may be an important 

evaluation criterion, especially in environmentally sensitive areas and/or when evaluating larger 
scale impacts (e.g., new developments, watershed, etc.). For example, although the treatment 
goal specified for Example #1 has been achieved based on nitrogen concentration (see Figure 3-
16), perhaps additional development in the area is planned and local regulators hope to minimize 
the overall nitrogen load to the groundwater by evaluating lot size. Example #3 evaluates the 
estimated mass of nitrogen reaching a specific depth from a 3-bedroom home with 6 occupants. 
In this example, the initial conditions are the same as in hypothetical Example #1. 

1) Example 3 initial conditions: 
Soil Texture: Sandy loam 
HLR: 2 cm d-1 
Effluent Nitrogen Concentration: 54 mg-N L-1 as ammonium 
Location: Iowa, mesic temperature region (annual mean soil temperature = 11.5oC) 
Treatment Goal: 27 mg-N L-1 (50% reduction of nitrogen) at 90 cm 

2) Estimate mass flux from STU: Using the above initial conditions, Figure 3-24 
illustrates the STUMOD output for nitrogen mass flux. The estimated mass flux at 90 cm 
is ~ 0.24 g-N m-2 d-1 (green dashed circle). To assess the likely range of operating 
conditions, the HLR can be altered and the resulting mass flux of nitrogen evaluated. 
Figure 3-25 illustrates a summary of the expected mass flux of nitrogen for different 
HLRs at different depths below the trench for Example #3. The STUMOD output is 
summarized in Table 3-3. 

 
Figure 3-24. STUMOD Output for Mass Flux of Nitrogen for Example #3. 

Red (solid) circle depicts mass flux (0.5 g-N m-2 d-1) at the infiltrative surface and the 
green (dashed) circle depicts mass flux at 90 cm below trench (0.24 g-N m-2 d-1). 
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Figure 3-25. Graph Illustrating the Mass Flux of Nitrogen for Different HLRs with Depth Below the Trench. 

 
Table 3-3. Summary of STUMOD Output for HLRs shown in Figure 3-26. 

HLR 
cm d-1 

Nitrogen Mass Flux (g-N m-2 d-1) 
at Soil Depth Below Trench 

0 cm 30 cm 60 cm 120 cm 
0.5 0.12 0.11 0.09 0.005 
1 0.24 0.23 0.18 0.03 
2 0.49 0.45 0.37 0.12 
4 0.98 0.92 0.79 0.43 

 

3) Determine area requirements for STU: Next the required STU infiltrative area can be 
estimated based on per capita flow and an assumed HLR. 

a. Per capita water use may be estimated from local regulation requirement or from 
literature data. Figure 3-26 illustrates the CFD for daily flow (User’s Guide, Figure 3-
8). Based on the median value of 171 L capita-1 d-1, then the total expected flow 
would be 1,026 L d-1 for the household (6 occupants × 171 L capita-1 d-1). (Recall that 
1 gallon capita-1 d-1 is approximately 3.8 L capita-1 d-1.) 

b. Next, the infiltrative area of the STU can be estimated by dividing the daily flow by 
the HLR. Assuming a HLR of 2 cm d-1 (equivalent to 20 L m-2 d-1), approximately 52 
m2 of trench bottom is required. 

c. Multiplying the mass flux by the required trench bottom area yields a mass of 
nitrogen percolating from the STU. First the mass flux at 90 cm is estimated at 0.24 
g-N m-2 d-1 (Table 3-3, at HLR of 2 cm d-1 → 0.37 g-N m-2 d-1 + 0.12 g-N m-2 d-1) / 2 
= 0.245 g-N m-2 d-1). Multiplying the mass flux at 90 cm below the trench (0.24 g-N 
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m-2 d-1) by the required trench bottom area (52 m2) yields a mass of nitrogen 
percolating daily from the STU of ~12.3 g or ~4.5 kg-N year-1 (~10 lbs year-1). 

 
Figure 3-26. Determination of Media per capita Water Use. Red lines depict the median value of 171 L capita-1 d-1. 

 

4) Optimize total mass loading: Using the same calculations as described in step 3 above, 
the user can estimate the mass of nitrogen from each household if different HLRs are 
used, assuming of course that different HLRs require different infiltration areas. Table 3-
4 summarizes the mass of nitrogen that is expected to percolate from the STU in this 
case. 

In this example the output shows little difference in nitrogen mass loadings between the 
HLRs at shallow depths; however, at deeper depths (> 90 cm) the higher HLR yields a 
greater nitrogen loading. This phenomenon is important to understand because as the 
effluent is dispersed over a larger area, it may have longer contact time with the 
underlying soil and lower soil pore saturation which ultimately will effect nitrogen 
removal. 

A similar approach can be used to evaluate the nitrogen mass loading impact of a range 
of daily flows (presumed to be correlated to number of household occupants). 

Table 3-4. Nitrogen Mass Loading Estimates for Example #3  
(single house with 6 people and total daily flow of 1,025 L). 

HLR 
(cm d-1) 

Required STU 
Infiltration Area 

(m2) 

Total Nitrogen Mass Percolating from the STU (g-N d-1) 
at Soil Depth Below Trench 

0 cm 30 cm 60 cm 90 cm 120 cm 
0.5 205.2 24.6 22.6 18.5 10.3 1.0 
1 102.6 24.6 23.6 18.5 10.4 3.1 
2 51.3 25.1 23.1 19.0 12.3 6.2 
4 25.65 25.1 23.6 20.3 15.6 11.0 
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3.4.4 Hypothetical Example 4: Up-scaling STU Density 
As shown in hypothetical Example #3, estimating the mass of nitrogen percolating from 

the STU may provide additional insight while evaluating large scale impacts (e.g., new 
developments, watershed, etc.). In Example #4, the goal is to illustrate up-scaling the estimated 
nitrogen mass loading from one residence to two, or increasing the number of residents in one 
house. The lot size is assumed to be the same. For this example, again a 3-bedroom home with 6 
occupants is assumed with the same operational conditions delineated in Example #1 and the 
nitrogen mass loading estimated in Example #3.  
 

5) Example 4 initial conditions: 
Soil Texture: Sandy loam 
HLR: 2 cm d-1 
Effluent Nitrogen Concentration: 54 mg-N L-1 as ammonium 
Location: Iowa, mesic temperature region (annual mean soil temperature = 11.5oC) 
Residence: 6 occupants with a daily household flow of 1,026 L d-1  
STU Configuration: HLR = 2 cm d-1, 52 m2 infiltrative area 
Estimated Nitrogen Mass Flux at 90 cm: 12.3 g-N d-1 

6) Estimate mass flux for multiple homes: Using the above initial conditions and 
estimated mass flux at 90 cm of ~ 12.3 g-N d-1 from Example #3, the effect of multiple 
homes is a simple task of multiplication. In this case the number of homes is multiplied 
by the estimated daily mass flux. The mass flux is calculated in the same manner and 
does not change for one or more homes. For example, for two homes the expected flow 
has now doubled and the STU infiltrative area doubles as well, resulting in a total mass 
load of nitrogen of 24.6 g-N d-1 for two homes (Figure 3-27). 

Similarly, for multiple occupants in the home, the per capita loading rate does not change. 
For ten occupants the flow has increased by a factor of 10 (to 10,260 L d-1) and the 
discharge area must increase to 520 m2. The resulting mass flux (0.24 g-N m-2 d-1) does not 
change, but the mass load of nitrogen at 90 cm increases to 123 g d-1 (Figure 3-27). 
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Figure 3-27. Nitrogen Mass Flux Comparisons. 

 

7) Effect of HLR on mass flux: When evaluating the total mass loading to a given area 
such as a housing development or watershed, it is important to understand the effect of 
HLR on mass flux. Specifically, simply dividing the total mass load by a given area is not 
appropriate as this would fundamentally assume equal distribution of that mass across the 
given area. In reality, the total mass will still be loaded onto a small fraction of the given 
area.  

Figure 3-28 illustrates this effect by comparing the nitrogen mass flux at 90 cm at HLRs 
of 2 cm d-1 and 1 cm d-1, assuming all other operating conditions remain the same. By 
decreasing the HLR, the infiltration surface increases to account for the flow. In this case 
for a daily flow of 1040 L d-1, the infiltrative surface increases to 104 m2 (right 
illustration in Figure 3-28). Again, the mass flux of nitrogen crossing the plane at 90 cm 
is 12.3 g-N d-1 (left illustration in Figure 3-28) for the initial conditions in Example #3 
(see step 1 of this example). Alternatively, for a HLR of 1 cm d-1, STUMOD yields a 
mass flux of 0.1 g-N m-2 d-1. Thus, the mass flux of nitrogen crossing the 90 cm depth is 
decreased to 10.4 g-N d-1 (right illustration in Figure 3-28). However, it is now clear that 
this mass flux is approximately 25% less rather than a 50% decrease as would be 
estimated without consideration of the HLR. Again, as noted in step 4 of Example #3, as 
the effluent is dispersed over a larger area, longer contact time with the underlying soil 
and lower soil pore saturation result which ultimately effect nitrogen transformation rates 
(e.g., ammonium sorption, nitrification, denitrification). 
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Figure 3-28. Comparison of Nitrogen Mass Flux at Different HLRs. 

 

Figure 3-29 compares the total mass load assumed to be equally distributed over a given 
area. In this case the mass flux of nitrogen at 90 cm below the infiltrative surface from six 
homes is compared to the assumption that the effluent is distributed over the entire lot 
size. For this comparison the total area is 10,000 m2 (~2.5 acres) with the same initial 
conditions described in step 1 resulting in a total daily flow of 6,156 L. Again, the 
estimated mass flux at 90 cm is ~ 12.3 g-N d-1 per home which yields a total mass flux of 
73.8 g-N d-1 (left illustration in Figure 3-29) for 6 homes. 

If the same daily volume of 6,156 L is equally distributed over the entire 10,000 m2 area, 
the effective HLR becomes 0.062 cm d-1 (right illustration in Figure 3-29) and STUMOD 
yields a mass flux at 90 cm of 0.0056 g-N m-2 d-1. Multiplying this mass flux by the total 
lot area, results in a total mass flux of nitrogen of 56 g-N d-1. Of course this is not 
reasonable as the “discharge area” increased from 312 m2 to 10,000 m2. Furthermore, it is 
interesting to note that the mass of nitrogen percolating from the STU only decreased 
25% from the six individual homes to the equal distribution (from 73.8 g d-1 to 56 g d-1). 



 

Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Guidance Manual 
 

3-37 

 
 

Figure 3-29. Comparison of Nitrogen Mass Flux from Six Homes to Equal Distribution Over a Given Area. 

 

3.4.5 Hypothetical Example 5: Qualitative Scenario Comparison 
Obviously, all possible design and environmental conditions could not be realistically 

covered by numerical simulations, because of time and system resources required to run such 
simulations. For toolkit users who do not wish to implement a complex model to assess the 
impacts of these conditions on STU performance, a series of different “scenarios” were 
simulated using HYDRUS-2D with model outputs generated for subsurface nitrogen 
concentrations, spatial treatment distributions, and mass-flux below a specified boundary 
illustrated. These scenarios were chosen because they represent typical systems under a range of 
conditions providing insight into different outcomes that might result from different scenarios. 
More importantly, the simulation outputs show the difference in nitrogen removal between two 
systems that have some common features, yet differ by a certain parameter, such as soil texture, 
effluent quality, HLR, or depth to groundwater. In this manner, comparison of the scenario 
outputs provides qualitative assessment of the expected STU performance.  

Comparison of the scenario outputs illustrates behaviors that can be expected to occur for 
different operating and environmental conditions. For example, Figure 3-30 illustrates a trench 
simulation in sandy loam where the trench system receives STE at 2 cm d-1 (Visual-Graphic 
Tools, Figure VG-255) and the same HYDRUS domain, but with a HLR of 3.825 cm d-1 (equal 
to 10% of the soil’s saturated hydraulic conductivity) (Visual-Graphic Tools, Figure VG-258). 
Comparison of the illustrations indicates that the total nitrogen mass flux at 90 cm below the 
trench is estimated as 0.39 g d-1 (left portion of Figure 3-30) and 0.89 g d-1 (right portion of 
Figure 3-30) for one linear meter of trench length. In this comparison, an increase in loading rate 
by a factor of 1.9 resulted in an increased nitrogen flux of 2.3 suggesting improved nitrogen 
removal at lower HLR which is not linearly correlated with the mass applied. 
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In another example (Figure 3-31), comparison of simulations of drip systems in sandy 
soil with water tables at 60 cm below drip line receiving 19 minute doses, five times each day 
can be compared. Again the same HYDRUS domain was used for both simulations other than 
the effluent quality applied. STE is illustrated by Visual-Graphic Tools, Figure VG-262 and 
nitrified effluent is illustrated Visual-Graphic Tools, Figure VG-264. In this case, 4 times more 
total nitrogen was introduced into the soil from the STE system compared to the nitrified effluent 
system (60 mg-N L-1 STE vs. 15 mg-N L-1 nitrified effluent). However, the total mass flux to the 
water table was ~7 times higher suggesting improved nitrogen removal with higher effluent 
quality which is not linearly correlated with the mass applied (red circles on Figure 3-31). Thus, 
when all the conditions are equal except effluent concentration, simple scaling between systems 
to estimate nitrogen removal may not be accurate (4x in does not equal 4x out). 
 

 
 

Figure 3-30. Example Comparison of Trench System Scenario Outputs. 
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Figure VG-262
Scenario Output for
Drip Dispersal, Sandy Soil, 
Standard Effluent, HLR = “High”. 

Figure VG-264
Scenario Output for
Drip Dispersal, Sandy Soil, 
Nitrified Effluent, HLR = “High”. 

Figure VG-262
Scenario Output for
Drip Dispersal, Sandy Soil, 
Standard Effluent, HLR = “High”. 

Figure VG-264
Scenario Output for
Drip Dispersal, Sandy Soil, 
Nitrified Effluent, HLR = “High”. 

Figure VG-262
Scenario Output for
Drip Dispersal, Sandy Soil, 
Standard Effluent, HLR = “High”. 

Figure VG-264
Scenario Output for
Drip Dispersal, Sandy Soil, 
Nitrified Effluent, HLR = “High”. 

 
Figure 3-31. Example Comparison of Drip System Scenario Outputs. 

 

The output from the scenario simulations can also be extrapolated such that comparison 
of some arbitrary assumed equivalent conditions (such as a specific design or operating condition 
for a given site) can provide a general expectation of nitrogen removal. To use the scenario 
results for this type of comparison, the user must first define a given HLR, STU area, or delivery 
volume. Similar to when using the nomographs or cumulative probability plots, the equivalent 
condition to be evaluated must be within a reasonable range of the initial conditions, in this case 
the scenario model domain. The following examples illustrate an equivalent extrapolation for: 
1) a given STU area or “footprint” and, 2) a given daily flow to a STU. Figure 3-32 illustrates the 
two individual scenario outputs for trench (left portion of Figure 3-32) and drip (right portion of 
Figure 3-32) for sandy soil receiving STE. 
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Figure 3-32. Example Trench and Drip Comparison of Equivalent Mass. 

 

The first example extrapolates the model results to some equivalent STU length (10 m) 
such that the mass flux can be estimated. Equivalent trench and drip footprints are illustrated in 
Figure 3-33. In this example, the mass flux at the shallow 30-cm depth for a trench is estimated 
by multiplying the mass flux per linear meter of trench by 10. Because the mass flux values for 
the scenario illustrations are for a specific footprint area (width x length where width = 30 cm + 
180 cm +30 cm = 240 cm = 2.4 m cross sectional area, and length = 1m linear meter of trench), 
the mass flux is simply multiplied by the linear length. For these assumptions, the “equivalent 10 
m footprint” estimation for a trench (left portion of Figure 3-32) is:  

[0.72 g-N d-1 m-1] × [10 m] ≈ 7.2 g-N d-1 

A drip system footprint is overlaid on the trench system footprint on Figure 3-33 with the 
radial influence of each emitter shown as a circle. By counting the number of circles within the 
trench mass flux area, more than 6.5 but less than 6.75 emitters are estimated to fit (for the 
purposes of this example, it will be assumed that 6.67 emitters lay within the one linear meter of 
trench as shown on Figure 3-33). Now the mass flux can be estimated by multiplying the number 
of emitters (each receiving the estimated number of 5 doses per day) by 10. Note, the drip system 
mass flux is in milligrams rather than grams and must be converted. For these assumptions, the 
“equivalent” estimation for a drip system (right portion of Figure 3-32) would be: 

[1.86 mg-N d-1 emitter-1] × [6.67 emitters per linear meter] × [10 m] ≈ 0.12 g-N d-1. 
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Figure 3-33. Illustration of Comparable Scenario “Footprints”. 

 

The second example extrapolates the model results to some expected operating daily 
flow, such that the mass flux can be estimated. In this example comparison of an equivalent daily 
flow of 400 L (~106 gallons) to the STU requires estimation of the length required for a given 
HLR or estimation of a HLR required for a given length. The HLR and emitter dosing rates are 
assumed “fixed” rates based on the model conditions, specifically 2 cm d-1 for a trench and either 
7 or 19 minute doses for the drip dispersal system. Based on these assumptions (daily flow of 
400 L at a soil HLR of 2 cm d-1), the trench length required can be estimated using the model 
trench width (two 30 cm half trenches = 60 cm) and then multiplied by the mass flux. The 
estimated trench mass flux at 30cm for this daily flow would be: 

([400 L d-1] × [1000 cm3 / L]) / [2 cm d-1] ≈ 200,000 cm2 = 20 m2 of trench bottom area 
[20 m2] / [0.6 m width] = 33.3 linear m of trench required for a HLR of 2 cm d-1 
[33.3 m] × [0.72 g-N d-1 m-1] ≈ 23.6 g-N d-1 

A comparable drip system estimate can be made by dividing the daily volume by the 
recommended linear loading rate to estimate the tubing length required and the associated 
number of emitters. Recommended linear loading rates of 6.34 L m-1 (0.5 to 0.6 gal LF-1 d-1) for 
sand, 4.04 L m-1 (0.3 to 0.4 gal LF-1 d-1) for sandy loam, and 2.31 L m-1 (<0.2 gal LF-1 d-1) for 
silty clay are typical manufacturer recommendations. However, these linear loading rates 
incorporate the tubing volume necessary for pressurization to ensure equal distribution through 
all emitters. It should be noted that the linear tubing length (and the resulting estimate of number 
of emitters) can also be estimated for pressurization of 8x, 5x, and 3x for high, medium and low 
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soil loading rates. Because the emitter orifice controls the rate of flow to the STU (2.46 L hr-1 = 
0.65 gal hr-1), after the number of emitters is estimated, the actual volume distributed to the soil 
must be checked by multiplying the number of emitters by the emitter rate to get the total volume 
and the dose duration may need adjustment. Based on these assumptions (daily flow of 400 L 
dispersed to the soil in 5 doses per day, at a sand linear loading rate of 6.34 L m-1), the associated 
calculations are: 

Total tubing length required to disperse the effluent: 
[400 L d-1] / [6.34 L m-1] = 63.1 m length ≈ 103 emitters, 

Hourly discharge rate from the total length:  
[103 emitters] × [2.46 L hr-1] ≈ 253 L hr-1 delivered to the STU by 103 emitters. 

For the scenario modeled (5 daily doses lasting 7 minutes each), the total duration of 
effluent delivery is: 
35 min d-1 = 0.58 hr d-1. 

The total volume delivered to the STU for this condition is: 
[253L hr-1] × [0.58 hr d-1] ≈ 146.7 L d-1 which is 37% or about one third of the 
target volume (400L d-1). 

Because the dosing regime affects the mass flux (as previously described in this section), 
it would not be accurate to simply multiple the number of emitters by the mass flux by 3. Rather 
the dose duration for 5 doses d-1 can be checked to determine which scenario best represents the 
defined example conditions: 

[400 L d-1] / [253 L hr-1] = 1.58 hr d-1 of dosing required, 
for 5 equal doses d-1 = 0.32 hr dose-1 ≈ 19 min doses 

This suggests that the scenario that best represents the conditions required to deliver 400 
L of STE to the STU via a drip dispersal system in sandy soil would be VG-262 which illustrates 
the scenario output for drip dispersal, sandy soil, standard effluent (STE), and a “high” HLR = 5 
doses d-1 at 19 min dose-1 (left side of Figure 3-31). Now multiplying the mass flux for the 
comparable conditions (86.8 mg-N d-1 at 30 cm, green dashed circle on left side of Figure 3-31), 
the “equivalent” drip estimation would be: 

[103 emitters] × [86.8 mg-N d-1 emitter-1] ≈ 8.9 g-N d-1 

In this comparison, the trench system is estimated to have a mass flux of 23.6 g-N d-1 and 
a comparable drip dispersal is estimated to have a mass flux of 8.9 g-N d-1 highlighting the plant 
uptake in the drip system (see green box on left side of Figure 3-31).  

Table 3-5 summarizes the comparable mass flux for these two examples (for a given 10 
m linear length and for a given daily flow of 400 L). It is important to note that these examples 
allow evaluation of comparable estimates and do not reflect what may be actual OWTS designs. 
The user can follow similar calculations to estimate comparable values for specific conditions. 
However, with comparable estimates, trends within the scenarios become evident. Specifically, 
in both trench and drip systems there is increased nitrogen removal due to soil texture (i.e., lower 
mass fluxes with finer soil texture) and HLR (i.e., lower mass fluxes at lower HLRs). There 
appears to be little additional nitrogen removal with depth in the trench systems (with the 
exception of the finer textured silty clay soil), but additional soil depth did increase nitrogen 
removal in the drip systems. The mass flux was lower when the trench spacing was decreased 
and is probably due to the increased saturation between trenches which may promote 
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denitrification (note, the ammonium profiles are not significantly different suggesting the 
difference is related to nitrate). Finally, in the drip systems there is an apparent increased 
nitrogen mass removal based on higher quality effluent. A complete description of the scenario 
development is provided in the User’s Guide, Section 2.4. 

Table 3-5. Comparison of Scenario Simulation Outputs for Estimated “Equivalent” Design Conditions1. 

    Scenario Mass Flux  
(g-N d-1)* 10 m linear length 400 L d-1 flow 

Scenario 
Figure 

Soil 
Texture 

Effluent 
Quality HLR Shallow  Deep  Shallow  Deep  Shallow  Deep  

Trench System Scenarios 
VG-253 sand low low 0.72 0.72 0.3 0.3 24.0 24.1 
VG-254 sand low high 23.4 23.5 9.8 9.8 24.3 24.4 
VG-255 sandy loam low low 0.55 0.39 0.2 0.2 18.3 13.0 
VG-256 sandy loam low low 0.36 - 0.2 - 12.0 - 
VG-257 sandy loam low low 0.28 0.22 0.1 0.1 9.3 7.3 
VG-258 sandy loam low high 1.04 0.89 0.4 0.4 18.1 15.5 
VG-259 silty clay low high 0.37 0.1 0.2 <0.1 12.3 3.3 
VG-260 silty clay low low 0.055 0.0002 <0.1 <0.1 3.8 <0.1 

Drip System Scenarios 
VG-261 sand low low 1.861 0.003 0.1 <0.1 8.3 6.7 
VG-262 sand low high 86.8 69.4 5.2 4.2 8.3 6.7 
VG-263 sand high low 0.318 0.001 <0.1 <0.1 1.8 0.9 
VG-264 sand high high 18.8 9.6 1.1 0.6 1.8 0.9 
VG-265 sandy loam low low 0.434 0.04 <0.1 <0.1 na na 
VG-266 sandy loam low high 83.2 68.3 5.0 4.1 na na 
VG-267 sandy loam high low 0.03 0.002 <0.1 <0.1 na na 
VG-268 sandy loam high high 22.8 20.4 1.4 1.2 na na 
VG-269 silty clay low low 0.08 0.003 <0.1 <0.1 <0.1 <0.1 
VG-270 silty clay low high 11.7 2.8 0.7 0.2 <0.1 <0.1 
VG-271 silty clay high low 0.0036 0.0002 <0.1 <0.1 <0.1 <0.1 
VG-271 silty clay high high 0.51 0.03 <0.1 <0.1 <0.1 <0.1 

1  See Table VG-3 (Visual Graphic Tools) for actual simulation conditions 
2  Mass flux for drip simulations in mg d-1 
na = example condition not analyzed, scenario conditions and hypothetical conditions are not comparable 
Effluent Quality:  low = STE, high = nitrified effluent 
HLR:  low = 2 cm d-1 (trench) and 7 min dose (drip), high = 10% of Ksat (trench) and 19 min dose (drip). Note, for silty clay trench systems, 10% 
of Ksat is actually the lower HLR. 
Mass Flux: shallow = 30 cm, deep = 90 cm (trench) and 60 cm (drip) 

 

Figure 3-34 displays the change in nitrogen mass flux to the water table for drip dispersal 
systems when plant uptake ceases (due to change of seasons or frost), assuming a sandy loam 
soil, receiving 7 minute doses 5 times a day. It can be seen that without plant uptake the total 
nitrogen mass flux to the water table is much higher, as well as the concentration in the soil 
profile. Figure 3-35 shows the result of a disturbance to the system in the form of rain events. 
Rain enhances soil saturation, decreases solute travel times through the soil and “flushes” out 
contaminants, yet is also leads to dilution of contaminants in the soil. In Figure 3-35, nitrogen 
mass flux is plotted from two rain events; a daylong event of 5 cm d-1 and a two-hour event of 
1 cm. Notice the difference in the recovery time or the time it takes the system to regain steady-
state conditions. It is also apparent that the mass flux decreases to below steady-state levels after 
the initial peak rain event flush. Again, these graphs and scenario illustrations show the power of 
a numerical model that can not be included in a simple spreadsheet tool. 
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Figure 3-34. Mass Flux Response to Plant Uptake. 

Left: Total-N mass flux into the water table from one drip emitter. Plant uptake in the simulation ceased on day 2. 
Right: Depth profile of the total-N concentration in the soil beneath the emitter, at steady-state conditions 

(day 0 and day 100 of simulation). 
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Figure 3-35. Total Nitrogen Mass Flux as Affected by Rain Events. 

Mass flux determined at the plane 90 cm below trench bottom. 
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CHAPTER 4.0 
 

SUMMARY 
 

 

 

This toolkit enables evaluation and design of expected STU performance for important 
wastewater constituents over a relevant range of OWTS operating conditions. The toolkit is 
comprised of this Guidance Manual, a companion Toolkit User’s Guide, individual tools, and 
supplemental information. This Guidance Manual provides an introduction to each tool, 
describes how the tool was prepared, and highlights the specific assumptions/limitations of the 
tool. The User’s Guide includes the fundamental assumptions that were incorporated into the 
development of the tools, detailed description of the tool development, guidance on input 
parameter selection, results from field and laboratory studies, and general reference material. 
Visual-graphic tools (nomographs, cumulative probability graphs, and scenario illustrations) are 
provided in a separate file. STUMOD and N-CALC are provided as MicrosoftTM Excel files. 
This framework provides detailed information to less experienced user’s while enabling more 
experienced users to start directly with STUMOD or other tool implementation referring to 
limited sections of the Guidance Manual or User’s Guide.  

All of the tools presented in the toolkit were developed with a basis in rigorous 
experimental data. The quantitative tools or models were evaluated using data from the literature, 
from experiments conducted by the project team, or from scientific knowledge of operating 
OWTS treatment performance. The toolkit was developed for a wide range of users faced with 
different needs of varying complexity when evaluating treatment of nitrogen, microbial 
pollutants (bacteria and virus), and organic wastewater contaminants (OWCs).  

The toolkit is hierarchical in nature and diverse with regard to breadth of tools provided. 
Appropriate tool selection depends on the relative importance of the pollutant in the practical and 
regulatory arena, the degree of problem complexity, and user sophistication, technical resources, 
and treatment goals. Ideally, the simplest tools will be used first. Progressing through simple to 
more complex tools ultimately guides the user to the simplest tool that is appropriate, but 
discourages using a tool that is too simple for the decision at hand. A series of flow diagrams is 
provided to guide the user through the steps most often incurred during the STU design decision 
process. These flow diagrams identify the important steps as well as guiding the user to 
appropriate tools helpful in selection of tool parameters. 

The simplest tools include look-up tables and CFDs. Both of these tools direct the user to 
available pertinent information. Nomographs enable initial screening and quick insight into 
expected nitrogen removal based on the predicted output from STUMOD. Cumulative 
probability graphs illustrate modeling results in a risk-based framework by displaying the 
cumulative uncertainty of a particular model output due to individual input data. Selected 
numerical model simulations are also provided to visually demonstrate the usefulness of such a 
numerical model while showing the impacts of different scenarios on STU behavior. Finally, two 
spreadsheet tools were developed, N-CALC and STUMOD, allowing the user to evaluate a range 
of STU operating conditions, soil hydraulics, and/or treatment parameters, as well as the relative 
influence of these factors on performance. 
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The tools within the toolkit were developed to help the user decide if the uncertainty in 
STU performance is acceptable based on the specific target goals. In some cases, the tools may 
suggest additional information should be collected to assess the expected STU performance with 
more confidence. The importance of a soil scientist or other qualified person to describe the soil 
or other site conditions should not be over looked. The information presented here is intended to 
aid in choosing the best possible simplifying assumptions for selection and use of tools presented 
in this toolkit. To select, design, and implement a properly functioning OWTS, it is important to 
assess the operational parameters, evaluate field conditions, manage and maintain the system, 
and monitor performances. This must be done in context of the current knowledge of the site 
conditions, scientific principles, and treatment and performance goals. In this manner, the 
enlightened user can make better-informed decisions that account for the uncertainty in the 
treatment predictions as well as the stakeholders’ collective willingness to accept or deny risk 
under some level of uncertainty.  
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Abstract: 

Onsite wastewater treatment systems (OWTS) are an important part of water 
management infrastructure in the United States. Thus, proper OWTS selection, design, 
installation, operation and management are essential. To aid this life-cycle, a toolkit was 
developed to enable evaluation and design of expected STU performance. The toolkit is 
comprised of this Guidance Manual, a companion Toolkit User’s Guide, individual tools, and 
supplemental information. This framework provides detailed information to less experienced 
user’s while enabling more experienced users to start directly with STUMOD or other tool 
implementation referring to limited sections of the Guidance Manual or User’s Guide.  

The toolkit was developed for a wide range of users faced with different needs of varying 
complexity when evaluating treatment of nitrogen, microbial pollutants (bacteria and virus), and 
organic wastewater contaminants (OWCs). Progressing through simple to more complex tools 
ultimately guides the user to the simplest tool that is appropriate, but discourages using a tool 
that is too simple for the decision at hand. The simplest tools include look-up tables and 
cumulative frequency distributions to direct the user to available pertinent information. 
Nomographs enable initial screening and quick insight into expected nitrogen removal based on 
the predicted output from STUMOD. Cumulative probability graphs illustrate modeling results 
in a risk-based framework while numerical model simulations demonstrate the usefulness of 
complex tools. Finally, two spreadsheet tools were developed for nitrogen transport, N-CALC 
and STUMOD, allowing the user to evaluate a range of STU operating conditions, soil 
hydraulics, and/or treatment parameters, as well as the relative influence of these factors on 
performance. 

 

Benefits: 

♦ Provides an explanation of soil treatment processes for design-of-performance based 
onsite wastewater treatment systems. 

♦ Tools in the toolkit were developed with a basis in rigorous experimental data.  

♦ Toolkit is hierarchical in nature and diverse with regard to breadth of tools provided. 

♦ Uses decision diagrams to illustrate the frequent steps incurred during the STU design 
and guides the user to appropriate tools and input parameter selection. 

♦ Provides tools within the toolkit that incorporate a risk-based approach to evaluate the 
uncertainty in STU performance compared to treatment goals. 

♦ Provides hundreds of visual-graphic tools (nomographs, cumulative probability graphs, 
and scenario illustrations).  

♦ Provides STUMOD and N-CALC as MicrosoftTM Excel files. 
 

Keywords: Soil treatment unit, onsite wastewater design, treatment, and performance. 
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EXECUTIVE SUMMARY 
 

 

 

The overall goal of this project was to provide a toolkit to assess the soil treatment unit 
(STU) performance. This toolkit enables evaluation and design of expected STU performance for 
important wastewater constituents over a relevant range of onsite wastewater treatment systems 
(OWTS) operating conditions. The toolkit was developed for a wide range of users faced with 
different needs of varying complexity. The toolkit was designed to evaluate treatment of 
nitrogen, microorganisms (bacteria and virus), and organic wastewater contaminants (OWCs). 
These pollutants are currently of primary concern, or are projected to be of high concern, to 
nearly every county and state in the United States. The components of the toolkit are: Guidance 
Manual, User’s Guide, Visual-graphic tools, and Spreadsheet tools. 

The Guidance Manual provides a general introduction and overview to the toolkit while 
the User’s Guide provides the technical details important to tool development and use. This 
User’s Guide is a separate document that must be used in conjunction with the Guidance Manual. 
The fundamental assumptions that were incorporated into the development of the tools in this 
toolkit are provided in Chapter 1.0. A detailed description of the tool development is provided in 
Chapter 2.0 and detailed guidance on parameters that affect STU treatment performance and how 
to select specific values during tool use are provided in Chapter 3.0. Relevant general reference 
material such as the USDA soil textural triangle with grain size distributions and conversions for 
common parameters is presented in Appendix A. Appendix B includes a worksheet form that 
may help guide the user through the different decision-making steps while keeping all relevant 
information in a compact format. Appendix C provides the results from field experiments 
conducted in Georgia coupled with the 2D modeling using HYDRUS. Column experiments 
conducted in Rhode Island on the fate and transport of bacteria and virus are provided in 
Appendix D. 

The companion Guidance Manual is organized into four chapters. Chapter 1.0 provides 
an introduction to the toolkit. Chapter 2.0 provides description of the tools. Chapter 3.0 guides 
the user through the decision process for assessment of parameters relevant to treatment 
performance including examples on tool selection and how to use those tools. Chapter 4.0 
provides a summary of the toolkit. 

Tools are provided as separate files. Visual-graphic tools (nomographs, cumulative 
probability graphs, and scenario illustrations) are compiled into a separate pdf file. STUMOD 
and N-CALC are separate MicrosoftTM Excel files. 
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CHAPTER 1.0 
 

SCIENTIFIC PRINCIPLES AND 
GOVERNING ASSUMPTIONS 

 

 

 

Simple tools can be very helpful for a wide range of common onsite wastewater treatment 
system (OWTS) scenarios. Because sufficient understanding, data, and project schedule do not 
exist to completely represent the wide range of soil treatment unit (STU) conditions that occur, 
there are certain conditions where the developed tools are not sufficient to adequately predict 
performance, or the uncertainty in these predictions may be unacceptable for certain high-risk 
scenarios. In these cases, it must be recognized that more rigorous numerical modeling is 
required. It is up to the user to decide if the simple tools provided in this toolkit are appropriate 
or if more rigorous modeling/tools are required. 

During the literature review, some empirical tools were developed based on statistical 
evaluation of the available data. However, while these tools provided insight into treatment and 
the factors influencing treatment, the data sets were generally not sufficiently robust to enable 
development of empirical tools that were statistically reliable. Thus, the focus of this User’s 
Guide is describing the tools that were developed based on current scientific understanding of the 
dominant soil processes influencing treatment, while avoiding theory too complex to allow 
evaluation of tools versus practically measurable data. The basic philosophy and fundamental 
assumptions that are inherent in the technical development of the tools is discussed in this 
chapter. Descriptions of HYDRUS and STUMOD and the relevant parameter selection used for 
tool development are provided in Chapter 2.0.  

 

1.1 OWTS Design and Operating Conditions 
The possible combinations of OWTS design and operation are nearly infinite. In addition, 

tools based on sparse information are no more defensible than tools based on common 
knowledge without adequate data. Therefore, this toolkit focuses on a subset of the most 
common systems for which sufficient data are available to develop reliable tools. The design and 
operating assumptions for tool development are described below. 

1.1.1 Daily Flow 
Daily flow is an important parameter used for design of OWTS and is normally based on 

an estimated per capita occupancy of the bedrooms in a residence and some expected median per 
capita water use value. While such a calculation may be sufficient in many situations, knowledge 
of actual flow is often more useful. In recent research by Lowe et al. (2009), daily flow was 
measured at 16 single family homes in three different regions. Look-up tables and cumulative 
frequency distribution (CFD) graphs from that work are provided in Section 3.1.3 of this User’s 
Guide to aid in making daily flow estimations if the water use is not known. However, use of this 
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toolkit does not require estimation of daily flow, but rather is based on assumed hydraulic 
loading rates (HLRs) (User’s Guide, Section 3.1.4). 

1.1.2 Effluent Delivery Method 
The focus of this toolkit is on two general types of OWTS design:  a subsurface trench 

and a drip dispersal system installed in the shallow subsurface. Figure 1-1 illustrates the domain 
as represented by HYDRUS. The science and engineering literature, theory, and data are not in 
agreement regarding the relative performance of soil infiltrative surface and therefore are not 
explicitly considered. Rather, it was assumed that the STU performs similarly for each 
infiltrative surface. Furthermore, the shallow drip dispersal system was assumed to have a grass 
cover to account for the associated flux of nitrogen upward. Additional scenarios illustrate 
differences in nitrogen mass flux due to various growing season length (Visual-Graphic Tools, 
Chapter VG-3.0).   

 
Figure 1-1. Trench and Drip Domains as Represented in HYDRUS. 

(The colors show general wetting pattern of the soil.) 

 

1.1.3 OWTS Geometry 
Although HYDRUS can be used to simulate virtually any subsurface geometry for trench 

or drip systems, 2D cross sections were utilized in this project. The details on HYDRUS 
geometry are described in Section 2.4 of this User’s Guide. STUMOD is limited to a 1D vertical 
system and is thus most appropriate for estimating treatment along the centerline directly below 
an infiltrative surface. In this regard, STUMOD will tend to underestimate the nitrogen removal 
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(over estimate nitrogen concentrations in the STU) compared to HYDRUS and provide a more 
conservative assessment (User’s Guide, Section 2.2.3). 

1.1.4 Hydraulic Loading Rate 
HYDRUS can simulate constant or time-dependent loading at various rates. For 

development of the simple tools, two loading rates were used to represent a range of those 
expected. For the subsurface trench, HLRs of 2 cm d-1 or 10% of the hydraulic conductivity 
(Ksat) for a given soil textural class was used for scenario illustrations. For the drip dispersal 
system, both low and high rates were used based on typical manufacturer recommendations. The 
low rate is consistent with rates applicable to clay soils while the high rate is consistent with 
rates applicable to sandy soils. Each of these conditions illustrate a range of loading rates and 
enable the user to visualize the impact of HLR on different soil textures. 

The nomographs were developed using STUMOD and a HLR of 2 cm d-1 or 5% of Ksat. 
When using STUMOD, the user can specify any HLR less than the saturated hydraulic 
conductivity of the receiving soil. STUMOD accepts a constant loading rate so an average 
constant rate is used. This assumption may be reasonable given that biozone formation can cause 
ponding and result in quasi-steady rates even for dosed systems.  

1.1.5 Subsurface Heterogeneity 
Although HYDRUS can consider subsurface heterogeneity, an infinite number of 

combinations of subsurface heterogeneities are possible. Thus, the visual-graphic tools 
developed from HYDRUS consider an average homogeneous subsoil layer overlain by a lower 
permeability biozone. This is a reasonable approach given that nearly all the literature data that 
was used to obtain tool and model input described the soil using a single soil classification, and 
did not report the heterogeneity of the soil, even though all soil is generally heterogeneous.   

STUMOD currently assumes a homogeneous soil profile, other than the hydraulic 
presence of a biozone. Similar to HYDRUS, it is possible to enable STUMOD to account for a 
layered soil profile, but that enhancement becomes impractical. 

1.1.6 Subsurface Soil Hydraulic Properties 
Hydraulic properties of the different soil textural classes were taken from the statistical 

database by Schaap et al. (2001). This database provides hydraulic properties (saturated 
hydraulic conductivity, porosity, residual moisture content, and other parameters related to soil 
suction and capillarity) based on statistical evaluation of thousands of samples. Hydraulic 
parameters are provided in Section 3.1.1 of this User’s Guide for each of 12 soil textures 
designated in the United States Department of Agriculture (USDA) soil triangle (User’s Guide, 
Appendix A, Figure A-1). 

Biozone hydraulic properties are based on a literature review conducted by Beach (2001), 
as well as recent studies (Beach and McCray, 2003; Beal et al., 2005; Bumgarner and McCray, 
2007; Radcliffe and West, 2007; Beal et al., 2008; Finch et al., 2008; McKinley, 2008; Radcliffe 
and West, 2009). It was not possible to quantify and account for any influence of the biozone on 
treatment, as very little information was available in the literature; however, some treatment 
enhancement for nitrogen, virus, and organic wastewater compounds (OWCs) is anticipated. 
Ignoring the potential treatment enhancements of the biozone will lead to a conservative 
prediction.  
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1.1.7 Interactions Between the STU and the Water Table 
HYDRUS can simulate nearly any realistic subsurface flow scenario associated with the 

water table, including impacts of shallow water tables on soil moisture in the STU (and thus on 
treatment) and mounding of the water table. However, the possibilities are again nearly infinite, 
and thus representative conditions have been defined. A shallow water table depth (60 cm below 
the drip-line) is assumed in the simulations of drip-systems, while a deep water table (greater 
than 90 cm) is assumed in the select trench dispersal systems. This is consistent with some 
regulatory statutes, as well as an alternate case that assumes free drainage (i.e., no impact from a 
deep water table on flow or soil moisture). If the user desires information on the interactions 
between STUs and the water table at specific water table depths, then a professional hydrologic 
modeler would need to be hired to implement HYDRUS, or some other numerical model.  

STUMOD assumes that flow is steady and that drainage occurs freely (i.e., the water 
table is far below the infiltrative surface such that it does not impact soil moisture in the 
infiltrating region). STUMOD should not be used if the influence of a shallow water table on 
treatment or the influence of the STU on the water table is to be investigated. However, a 
screening estimate can be identified based on the centerline concentration for a given depth 
below the infiltrative surface. 

1.1.8 Cumulative Impacts of OWTSs 
HYDRUS can simulate single or multiple OWTS with essentially any geometric 

arrangement. As it was not feasible to simulate all the possible OWTS configurations, again 
simplifying assumptions were made and only a single OWTS is represented by the tools. 
HYDRUS was used to illustrate select scenarios that show the impacts of precipitation, shallow 
versus deep water table, and different HLRs, which show the impacts of different moisture 
regimes. STUMOD does not implicitly account for cumulative impacts or OWTS density, 
however; an example of how to use STUMOD to conduct such an evaluation is presented in 
Section 3.4 of the Guidance Manual. 

 

1.2 Effluent Quality 
To develop the visual-graphic tools two general effluent qualities were considered:  

1) typical septic tank effluent (STE) obtained after primary treatment in the septic tank; and 2) a 
nitrified effluent such as would be obtained from aerobic treatment prior to discharge into the 
STU. The effectiveness of nitrogen removal during aerobic treatment varies widely based on 
individual site conditions and the overall treatment train configuration; hence an attempt was not 
made to account for specific performance, but rather to recognize that a nitrified effluent applied 
to the soil may affect the expected STU performance. Knowledge of the total nitrogen and 
carbon concentrations are important, as the ratio of carbon to nitrogen determines if nitrification 
and denitrification is likely to occur. 

1.2.1 Nitrogen 
It is generally assumed that about 85 to 90% of the organic nitrogen in raw wastewater is 

converted to ammonium-nitrogen in the septic tank (APHA, 2005). In fact, Lowe et al. (2009) 
confirmed that the mass of organic nitrogen was reduced by 85% in the septic tank with less than 
10% of the total nitrogen in STE as organic nitrogen. The remaining organic nitrogen is likely 
transformed to ammonium-nitrogen in the STU, assimilated into the cells of certain 
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microorganisms, or remains as organic nitrogen in soil solution. As no information on the fate 
and transport of organic nitrogen is available, the impact of this small amount of organic nitrogen 
in the soil system was not included in tool development. Furthermore, HYDRUS and STUMOD 
do not incorporate organic nitrogen. Thus, the total nitrogen concentration in STE was assumed 
to be in the form of ammonium-nitrogen, which is a conservative assumption. 

The concentration of total nitrogen in STE is typically assumed to range between 
25-90 mg-N L-1 (Crites and Tchobanoglous, 1998; U.S. EPA, 2002). Based on field monitoring 
completed in WERF 04-DEC-1 (Lowe et al., 2009) concentrations ranged from 25 to 125 mg-N 
L-1 with total nitrogen concentrations less than 90 mg-N L-1 90% of the time and the median total 
nitrogen concentration of ~60 mg-N L-1 (median literature value = 58 mg-N L-1, median value 
from field monitoring = 64 mg-N L-1, Lowe et al., 2007 and 2009). Lowe et al. (2009) found the 
inter-quartile range of ammonium-nitrogen to be between 45 mg-N L-1 and 70 mg-N L-1, with a 
median concentration of 53 mg-N L-1. Very little nitrate-nitrogen is typically present in STE. The 
anaerobic conditions that prevail in a septic tank do not allow for oxidation (nitrification) of 
ammonium to nitrate, which result in a median nitrate-nitrogen value of 1 mg-N L-1 (Lowe et al., 
2009). Thus for the simple tool development, the concentration of total nitrogen in STE was 
assumed to be 60 mg-N L-1 of ammonium-nitrogen with 1 mg-N L-1 of nitrate-nitrogen. 

For the nitrified effluent, it was assumed that all ammonium-nitrogen had been converted 
to nitrate-nitrogen and that sufficient carbon was present to enable denitrification. For simple 
tool development, the nitrified effluent was assumed to have no ammonium-nitrogen but 15 mg-
N L-1 of nitrate-nitrogen.  

The spreadsheet tools STUMOD and N-CALC can accept any range of ammonium-
nitrogen and nitrate-nitrogen concentrations. More complex tools may require that the user have 
some knowledge of the actual concentrations of ammonium-nitrogen and nitrate-nitrogen in the 
effluent. In these cases, the user can estimate concentrations from the CFDs provided in Section 
3.1.2.4 of this User’s Guide or refer to Lowe et al, 2007 and 2009 for complete WERF 04-DEC-
1 findings.  

1.2.2 Carbon 
Nitrification is the process where ammonium ions are oxidized by autotrophic bacteria 

(bacteria that obtain their energy from carbon dioxide gas [CO2] rather than organic matter). 
Because soil gas is known to have high concentrations of CO2 (Jury and Horton, 2004), it was 
assumed that sufficient carbon was always present for nitrification, providing that gas diffusion 
was not inhibited due to high soil water contents. In contrast, a carbon source is necessary for 
biological denitrification as the denitrifying organisms obtain their energy from the oxidation of 
organic compounds. A lack of organic carbon has been shown to be a factor limiting 
denitrification (Smith and Duff, 1988; Starr and Gillham, 1993; DeSimone and Howes, 1998; 
Devito et al., 2000; Pabich et al., 2001) and several studies have shown that denitrification 
increases when ample amounts of organic carbon are present in the soil (Stanford et al., 1975; 
Beauchamp et al., 1980; Groffman and Tiedje, 1989; Brettar and Höfle, 2002). Denitrification 
has been correlated to total organic carbon (TOC) in soil (Anderson, 1998; Brettar and Höfle, 
2002); however, Tucholke et al. (2007) showed that no relationship could be established between 
organic carbon and denitrification. 

While numerous soil denitrification studies have been conducted, few have investigated 
how the magnitude of denitrification in an STU is influenced by available carbon in OWTS 
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effluents. Rather the assumption is typically made that sufficient carbon for the denitrification 
process is applied to the STU such that numerical models that do not account for the affect of 
carbon limitation on denitrification are still assumed to be representative. This assumption is 
valid if both the carbon in the effluent and the soil is biologically active and available at a C:N 
ratio greater than stoichiometric requirements. The following provides further detail into the 
assumption of sufficient carbon in OWTS for tool development.  

1.2.2.1 Background 
The process of denitrification is primarily enzyme-catalyzed by heterotrophic facultative 

anaerobic microbes (i.e., microbes that obtain their energy from an organic carbon source). The 
electrons needed typically originate from the microbial oxidation of organic carbon. Various 
stoichiometric equations may be written for the denitrification process relating organic carbon 
and nitrate, but the process is often expressed using the following equation: 

5/6 C6H12O6 + 4 NO3
-  + 4 H+ → 2 N2 + 7 H2O + 5 CO2 (1.2.2.1-1) 

The above stoichiometry implies that 1.25 mols of carbon are required to denitrify 1 mol 
of nitrate-nitrogen to nitrogen gas (+231 mV) (i.e., C:N = 1.25:1). Thus, if 20 mg-N L-1 (1.43 
mmol) is mobile in the STU pore water, then 25 mg-C L-1 (1.79 mmol) is required for 
denitrification. It is important to realize that the above equation does not take into account the 
amount of carbon that is oxidized in the soil or the amount of carbon necessary for microbial 
respiration. Finally, the equation assumes carbon in the form of glucose (C6H12O6), which is a 
generalized way to depict organic carbon in a wastewater. However, this example equates to a 
carbon content that is much less than a typical soil (~0.001%), assuming all the organic carbon in 
the soil is water-soluble. 

Because organic carbon tends to be oxidized preferentially with the electron acceptor that 
supplies the most energy (specifically free oxygen O2, +334mV) (Rivett et al., (2008) adapted 
from Korom (1992)), 1 mol of organic carbon must first be converted to O2, which requires 2.7 
mols of carbon. Therefore, up to ~4 mg-C L-1 may be required to denitrify 1 mg-N L-1. In 
otherwords, 2.7 mols of carbon is first utilized to convert O2, then 1.25 mols of carbon are 
utilized to denitrify 1 mole of nitrate-nitrogen (2.7 + 1.25 = 3.95 → C:N = 4:1).  

Alternatively, the C:N may be determined using chemical oxygen demand (COD). COD 
is a measure of the oxygen equivalent of the organic matter content that is susceptible to 
oxidation by a strong chemical oxidant. The oxygen equivalent of nitrate-nitrogen is 2.86 mg O2 
mg-1 nitrate-nitrogen (or -2.86 mg COD mg-1 nitrate-nitrogen), which means 1 mg nitrate-
nitrogen denitrified to nitrogen gas (N2) has the same electron accepting capacity as 2.86 mg O2 
(or the same electron donor capacity as -2.86 mg COD). The C:N (in units of mg COD) is 
obtained using the following relationship: 

( )HY
NC

−
=

1
86.2:  (1.2.2.1-2) 

where YH is the mg biomass COD formed per mg COD removed calculated from 
experiments or typically assumed to be 0.60 (Henze et al., 1987), which yields a C:N of 7.2. 
Finally, although the assumptions for the basis are not clear, U.S. EPA (2004) recommends a 
minimum ratio of 5:1 for denitrification.  
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The bioavailablity of the carbon is also critical to consider. In general, as the molecular 
weight of the organic carbon increases (high molecular weight compounds), the carbon becomes 
more “humified” and is less biologically reactive (i.e., available as an electron donor for 
denitrification). However, humic substances are not recalcitrant and still provide a carbon source 
albeit less biologically reactive compared to lower molecular weight carbon compounds (e.g., 
sugars, acetate). Fractions of TOC are also operationally defined by the XAD resin fractionation 
analysis method: 

♦ hydrophobic acids – mainly composed of humic substances (humic acid, fulvic acid) 
which are removed more slowly, but still degrade;  

♦ phydrophilic – sugars, proteins, alcohols, and low molecular weight acids which are 
easily digested; 

♦ colloidal OM – undegraded sugars and microbial colloids which are typically very easily 
removed carbon sources and likely to be quickly degraded during subsequent soil 
treatment; and 

♦ hydrophobic neutrals – polysaccharides. 

1.2.2.2 Carbon in OWTS Effluents 
Reported and measured ranges of nitrogen and carbon in residential STE are provided in 

Table 1-1. Based on these values, the C:N ratio ranges from 1:1 to 9:1 depending on the form of 
nitrogen and carbon. While some research has shown that well-oxidized effluent contains only 
small amounts of carbon that can act as an electron donor (Robertson et al., 1991; MacQuarrie et 
al., 2001), other work has shown that sufficient organic carbon is available to support 
denitrification (Lance, 1972; Spalding et al., 1993). 

Table 1-1. Concentrations of Nitrogen and Organic Constituents Found in STE. 

  TN NH4-N cBOD5 COD TOC DOC 
Literature Values 

Number of Values  42 80 94 34 6 4 
Median mg L-1 55 36 156 330 85 55 
Range mg L-1 26-124 nd-96 38-861 157-1931 41-147 32-94 
C:TN ratio    2.8 6.0 1.5 1.0 
C:NH4 ratio    4.3 9.2 2.4 1.5 

Measured Values 
n  65 65 63 64 63 64 
Median mg L-1 63 53 216 389 105 66 
Range mg L-1 27-119 25-112 44-833 201-944 50-243 22-140 
C:TN ratio    3.4 6.2 1.7 1.0 
C:NH4 ratio    4.1 7.3 2.0 1.2 
Data taken from Lowe et al., 2009 

 

Nitrified effluent is typically obtained by aerobic treatment of STE prior to discharge to 
the soil. The specific STE treatment goal (i.e., nitrate-nitrogen concentration achieved) varies 
based on the initial nitrogen concentration in STE, the individual site conditions, the advanced 
treatment employed, and the overall treatment train. If the cBOD5 is reduced to <25 mg L-1 and 
the total nitrogen is reduced by say 50%, C:N ratios could be well below 4:1 and denitrification 
would be limited. For example, an initial STE nitrogen concentration of 55 mg-N L-1 reduced by 
50% and completely nitrified would yield a nitrate-nitrogen concentration of 27.5 mg-N L-1. If 
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the BOD5 was also reduced to < 25mg L-1, the resulting nitrified effluent C:N ratio would be 
0.9:1 suggesting that denitrification may be limited in the absence of an additional carbon source. 

Evaluation of the molecular weight distribution of the organic matter in STE and textile 
filter effluent (i.e., nitrified effluent) conducted at the Colorado School of Mines (CSM) suggests 
a shift from polysaccharides and humic acids in STE to a build-up of humic and fulvic-like 
material in the textile filter effluent (Rauch, 2004; Van Cuyk et al., 2005; Lowe et al., 2008). 
Additional bulk organic fractionation was also evaluated and suggests a higher percentage of 
hydrophobic organic carbon in the nitrified effluent compared to STE. Both of these results 
suggest that the carbon remaining in the nitrified effluent is relatively less available for 
denitrification compared to the carbon in STE. Rivett (2008) also suggested that nitrified effluent 
has little remaining carbon, and the carbon that is remaining is the least bioavailable. While the 
effluent analysis at CSM has confirmed this, additional carbon sources in the STU (e.g., 
particulate organic carbon, cell mass, soil organic carbon) are not considered. 

1.2.2.3 Carbon in STUs 
Organic carbon concentrations in soil normally range from non-detectable to 15% (by dry 

weight soil), although most soils contain levels less than 1%. It is important to realize that the 
amount of available organic carbon in the soil varies greatly with depth. Levels are usually 
highest in the topsoil (Morris et al., 1988; Ryan, 1998), and generally decrease rapidly further 
into the sub-surface, which may cause a decrease in denitrification (Fang and Moncrieff, 2005). 
However, high denitrification rates have been observed at great depths if the soil is amended 
with additional carbon (McCarty and Bremner, 1992; Jarvis and Hatch, 1994; McCarty and 
Bremner, 1995), which is assumed to be the case during the application of carbon rich effluent to 
STUs. 

In addition, the contribution of different components of soil organic carbon is not well 
understood. Dissolved organic carbon (DOC) is typically assumed to be an indicator of the 
carbon available to soil microorganisms as it serves as a substrate for microbial respiration (Brye 
et al., 2000). While the rate of soil denitrification is frequently related to the amount of DOC in 
the pore water, rather than the total amount of solid organic carbon present (Burford and 
Bremner, 1975; Lundquist et al., 1999; Cannavo et al., 2004), Lundquist et al. (1999) reported 
that changes in DOC and respiration rates were not correlated and that DOC was not a good 
indicator of organic carbon availability to microorganism. The ability of DOC to serve as a 
predictor of microbial respiration is also limited due to the complexity in DOC production and 
consumption within soils (Fang and Moncrieff, 2005). Furthermore, because the mobility of 
DOC in the soil profile is strongly affected by sorption to mineral constituents and by the 
drainage capability of the soil, a decrease in DOC concentrations with depth can be expected in 
the soil (Jardine et al., 1989).  

Soil biomass activity measurements have been conducted at the field test site at CSM 
(Van Cuyk et al., 2005). Total viable biomass (measured using phospholipid extraction of the 
organic bound phosphorus expressed as nmol PO4

-3 g-1 dry soil) in the soil quantified all viable 
microbial cells that are potentially, but not necessarily active in soil. Background biomass 
concentrations in the soil were on the order of 1-15 nmol phosphate per g dry soil in the first 2 m 
of soil with decreasing biomass with depth. In soils receiving STE, a significant growth of soil 
biomass was observed in the upper 50 cm of the soil profile of the test cells with the total viable 
biomass increased by about a factor of 10 near the infiltrative surface and decreasing 
exponentially with depth. This biomass depth profile is an indication that most of the biological 
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processes causing organic and inorganic nutrient removal are occurring in the first 50 cm of the 
vadose zone. 

Soil cores collected at the same time as the viable biomass analysis were also analyzed 
for polysaccharide and humic substances (McKinley, 2008). A similar trend of decreasing 
concentration of fulvic acid, humic acid, and polysaccharides with depth below the infiltrative 
surface was observed. In these soil cores, the carbon accumulations above background were 
confined to the top 2-4 cm of the soil. Additionally, humic substances composed the majority 
(80%) of TOC in the soil while polysaccharides composed a small percentage (20%). Again, 
these findings confirm that carbon limiting conditions for denitrification increase with depth 
either attributed to lower abundance or dominance of less bioavailable carbon compounds.  

Organic carbon in the soil solution below the infiltrative surface has also been analyzed at 
CSM to determine the fate of carbon in the vadose zone (Tackett et al., 2004; Dimick, 2005; 
Lowe et al., 2007b). Since the nominal pore size of the suction lysimeter used to sample the soil 
pore water is 0.2 µm, it was assumed that the soil solution measurement represented DOC (<0.45 
µm filter normally employed for measuring DOC). After 3 years of effluent delivery, DOC 
ranged from 4-6 mg-C L-1 and TN ranged from 15 to 50 mg-N L-1 for STE and was ~10 mg-N L-

1 for nitrified effluent at 60 cm below the infiltrative surface. In addition, the DOC 
concentrations were similar at 120 cm below the infiltrative surface, but up to 20% additional TN 
removal was observed (Lowe et al., 2007b). In this study, the stoichiometric C:N ratio (as 
DOC:TN) suggested that denitrification would be limited with depth. However, additional 
nitrogen removal was observed (even for nitrified effluents with an initially low C:N ratio). 
Particulate organic carbon which is a source of DOC, but not measured as DOC was not 
accounted for as well as other long term carbon sources such as microbial cells that die off and 
filtered solids. These observations indicate available carbon (e.g., microbial cell recycling and 
other particulate organic carbon that is not included in DOC) may be present in the STU such 
that denitrification is observed with depth, even though the C:N ratio based on effluent quality 
suggests denitrification may be limited. 

1.2.2.4 Summary 
The minimum C:N ratio to facilitate denitrification is in the range of 4:1 to 7:1 depending 

on the form or carbon. The C:N ratio for residential STE is likely often within this range 
although the C:N ratio for nitrified effluent may suggest conditions that limit denitrification. 
Certainly, nitrate contaminated groundwater has been documented and it can be assumed that 
one or more of the requirements for denitrification are not met, or that the nitrate loading into the 
STU exceeds the denitrification capacity. However, there is strong evidence for the occurrence 
of adequate organic carbon (including particulate organic carbon) to facilitate denitrification in 
STUs even with the effluent applied may have low carbon with optimum conditions for 
denitrification likely to occur in the top few centimeters of the STU (2-50 cm). Thus, the 
assumption that sufficient carbon for the denitrification process is applied to the STU is expected 
to be representative. Finally, it is important to note in situations where effluent is nitrified and/or 
the carbon is removed, less denitrification is expected to occur resulting in less nitrogen removal 
in the STU.  
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1.3 Nitrogen Transport and Transformation Assumptions 
Volumes of literature address the scientific concepts of nitrogen transformation and 

attenuation in soils. The processes of nitrification and denitrification are very complex, with a 
consortium of microorganisms responsible for the transformations. Some of these organisms 
operate under anaerobic conditions, some under anaerobic conditions, and some can operate 
under both conditions. These microorganisms also need nutrients and a carbon source, which can 
be different for the various organisms. Considering all the relevant processes would require 
simulation of many complex processes including:  microbial growth, metabolism, transport and 
death for several different types of microbes; and diffusion, transport, microbial uptake, and 
biochemical transformation of nutrients including carbon, hydrogen, oxygen, nitrogen, 
phosphorus, and sulfur. The Constructed Wetlands (CW2D) module of HYDRUS (Langergraber 
and Šimůnek, 2005) is the only known model that attempts to simulate most of these relevant 
processes. However, because CW2D has more than 50 relevant model-input parameters for the 
nitrogen transformations alone, excluding spatial heterogeneities in properties, the model cannot 
be calibrated uniquely. CW2D was used successfully with field results from the University of 
Georgia (UGA) field test site, which was designed for model calibration (User’s Guide, 
Appendix C). However, insufficient information exists in the scientific literature to parameterize 
a defensible model based on literature values alone. Thus, the relevant processes have been 
simplified to enable development of a defensible numerical model that can then be used to 
produce data needed for the simple tools. The following describes all nitrogen transport and 
transformation assumptions used in the tool development. 

1.3.1 Sufficient Alkalinity and pH Exist for Nitrogen Transformations 
During tool development it was assumed that sufficient alkalinity was present and that 

the pH was in a range for sufficient nitrification and denitrification to occur. Sufficient alkalinity 
is required for nitrification, most of which is associated with the neutralization of the hydrogen 
ions released during the nitrification process. STE is known to be alkaline, with concentrations of 
alkalinity typically exceeding 300 mg L-1 as calcium carbonate (User’s Guide, Figure 3-1). In 
contrast, the process of denitrification destroys hydrogen ions while producing CO2, hence 
causing an increase in alkalinity. In fact, sufficient alkalinity has been measured at depths of up 
to 8 feet in soils below the dispersal of STE at the Mines Park Test Site at CSM (Tillotson, 
2009), and experimental data from laboratory columns show that alkalinity is not depleted below 
the infiltrative surface (Beach, 2001; Tackett et al., 2004; Walsh, 2006).   

While most bacteria grow poorly outside a pH range of 6-8, nitrifying bacteria, especially 
Nitrosomonas, are particularly sensitive to pH. Research has shown that the growth rate reach a 
maximum at a pH between 7 and 8, and declines at lower or higher pH levels (Quinlan, 1984). 
Because the pH in STE typically range between 7.1 and 7.7 (Lowe et al., 2009), it is not 
expected to significantly impact the nitrification rate. The pH was therefore assumed to have 
little impact on the rate of nitrification in development of the simple tools. However, it is 
important to realize that if the pH is found to be significantly lower than the typical range, the 
rate of nitrification will decrease. If that is the case then the maximum nitrification rate used in 
the provided tools should be adjusted accordingly. Siegrist and Gujer (1987) modeled the effect 
of lower pH levels on the nitrification rate (μ) using Equation (1.3.1-1): 

( )pH−+
= 5.6

max

101
µµ  (1.3.1-1) 
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where μmax is the max rate at optimum pH. The results agree with those found by Suzuki 
et al. (1974) and Laudelout et al. (1976). Of note, this equation only predicts the decline in rate at 
lower pH levels, which should not be a problem as the hydrogen ions released during 
nitrification depress the pH so that values rarely exceed 8.5. Figure 1-2 depicts the expected 
reduction in nitrification based on Equation 1.3.1-1. 

In contrast, the denitrifying bacteria are not very sensitive to pH within expected ranges 
below the infiltrative surface and can handle most environmental conditions (Tucholke, 2007). 
Consequently, changes in pH and consumption or production of alkalinity during the nitrogen 
transformation process are not considered. It is reasonable to believe that denitrifiers in acidic 
soils produce a denitrification optimum at the soil’s pH. However, Šimek and Cooper (2002) 
showed that when soil pH changes, such as due to a constant flux of nutrients at a certain pH, the 
pH optimum for denitrification is shifted as well to match the new conditions. In other words, the 
microbial population adapts to the new conditions, regardless of the condition itself, as soon as 
12 hours after the change. When the shift is towards a neutral pH (as is the case with typical 
STE), the denitrification rate is at its highest. Therefore, pH was not considered an inhibiting 
factor for denitrification during tool development. 

 
Figure 1-2. Effect of pH on the Maximum Nitrification Rate Using Equation 1.3.1-1. 

 

1.3.2 Nitrogen Transformation Parameters 
Treatment estimates were based on statistical distributions of the most important 

parameters developed from data obtained in the literature. All relevant data for different 
parameters (e.g., nitrogen transformation rate constants, ammonium sorption constants, hydraulic 
parameters such as hydraulic conductivity, etc.) were compiled from the literature. From these 
data, mean values with standard deviations or median values with quartiles, and/or the 
cumulative frequency of parameter values were calculated. CFDs were produced to evaluate the 
frequency of occurrence of measured values. The 50th percentile value is the median value. The 
38th percentile value (for example) indicates that 38% of all the data in the literature are less 
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than this value, and 62% are greater than this value. Where possible, the CFDs or statistical 
analyses are produced for each of the three soil groups represented in the visual-graphic tools; 
however, scarcity of data precluded this approach for all parameters (e.g., for ammonium 
sorption constants). In these cases, look-up tables provide guidance for parameter selection or 
other conditions that might warrant using a higher or lower value than the reported median. For 
example, ammonium sorption is larger in clay soils, so using a value greater than the suggested 
median would be appropriate (the converse is true for sandy soils). 

1.3.3 Soil Temperatures Impact Nitrogen Transformations 
There are numerous studies that indicate nitrogen transformation rates generally increase 

with temperature to a maximum value of about 25°C and decline with additional increasing 
temperature (Malhi and McGill, 1982; Grundmann et al., 1995; Avrahami et al., 2003). Because 
soil temperature at depths relevant to OWTS (0.1 to 3 m below surface) can range between 3°C 
and 25°C (Brady and Weil, 2002) with significant geographical variation, the average annual soil 
temperature in different regions of the U.S. were taken into account during tool development. 

The USDA divides the contiguous U.S. into five sub-regions based on soil annual 
average temperatures and seasonal variations (Figure 3-2 in Chapter 3.0). According to the 
USDA classification, most of U.S. soils are considered “mesic” or “thermic”. Soils have a mesic 
temperature regime if the mean annual temperature is between 8°C and 15°C, whereas thermic 
soils have a mean annual temperature between 15°C and 22°C (USDA, 1999). Table 3-1 in 
Chapter 3.0 presents the low and high annual averages for each soil temperature regime (USDA, 
1999), with the overall annual mean. Because both “frigid” and “cryic” regions have the same 
annual mean soil temperature, those regions were combined into one region during tool 
development. As a result, the nomograph tools are divided not only into soil textural class, but 
also into temperature region. 

Because the entire nation is not monitored at the county level, and much of the assumed 
soil temperatures are assigned by interpolation between stations or by extrapolation, a user who 
wishes to dive further into the data can refer to the Natural Resources Conservation Service 
(NRCS) webpage: http://www.wcc.nrcs.usda.gov/scan/, which contains an interactive map 
(shown in Figure 1-3), illustrating the nation-wide real-time and non-real-time soil temperature 
readings (alongside other data such as soil moisture). The soil temperatures are taken in these 
stations at various depths, and a specific legend is provided in the website for each location. 

http://www.wcc.nrcs.usda.gov/scan/�
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Figure 1-3. Distribution of NRCS Soil Temperature Stations in the U.S., Puerto Rico and Antarctica. 

Source: http://www.wcc.nrcs.usda.gov/scan/scan_map.jpg 

 

1.3.4 Ammonium Sorption is a Linear Process 
Ammonium association with soils is an important process in nitrogen transformation. 

Specifically, ammonium adsorbed during the wetting pulse of effluent application is held on the 
soil and can be nitrified when the soil becomes dry (in between pulses). The sorption process is 
thought to be controlled by cation exchange processes, which depend on the ionic composition of 
the soil, as well as the ionic makeup of the effluent. The cation exchange process is typically 
assumed to be reversible; however, most of the data in the literature report sorption constants for 
ammonium that assume linear, equilibrium, reversible sorption, which does not consider the 
details of cation exchange. Thus, the cation exchange of ammonium was assumed to be a linear, 
equilibrium, reversible process. Furthermore, ammonium was assumed to be the only nitrogen 
species that adsorb to soil colloids based on the range of pH in STE-amended soil. The literature 
on conversion of organic nitrogen to ammonium is very sparse; hence it was not considered 
during tool development. 

1.3.5 Nitrogen Transformation Rates Follow Monod Kinetics 
Most enzyme-catalyzed biological reactions follow Monod kinetics, where the reaction 

rate of is controlled by the availability of substrate. The kinetics of nitrogen transformations can 
thus be represented mathematically by the following relationship: 









+

=
CK

C
m

maxµµ  (1.3.5-1) 

where μmax is the maximum reaction rate, C is the substrate concentration, and Km is the 
half-saturation constant, which is the substrate concentration at which the growth rate is half the 
maximum growth rate. The transition between zero and first order kinetics is set by the half-
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saturation constant (Km). When Km is much greater than C (i.e., at low concentrations of 
substrate) the rate becomes almost proportional to the substrate concentration, thereby 
approximating first-order kinetics, conversely when C is much greater than Km, μ becomes 
independent of the concentration (i.e., μ = μmax) and approximates zero-order kinetics (Hemond 
and Fechner-Levy, 2000). Thus, Monod kinetics enables first order kinetics at lower values of 
nitrogen concentrations, and zero-order kinetics at higher values of nitrogen concentrations 
(Figure 1-4). Further discussion on the selected Km value is provided in Section 2.1.3.1. 

It follows that for nitrogen concentrations in the STU that produce elevated nitrogen 
concentrations in groundwater; the transformation rates are expected to be zero order. 
Nonetheless, both STUMOD and HYDRUS (as modified for this project, see Chapter 2.0 of this 
User’s Guide) can simulate Monod kinetics for nitrification (conversion of ammonium-nitrogen 
to nitrate-nitrogen, the conversion of nitrite-nitrogen to nitrate-nitrogen is known to be very fast) 
and for denitrification (conversion of nitrate-nitrogen to molecular nitrogen); hence the actual 
reaction order becomes irrelevant. 

 
Figure 1-4. Graphical Representation of the Monod Function. 

The fine dashed line shows the concentration range at which the function acts as first-order kinetics, and 
the coarse dash shows the concentration range at which the function acts as zero-order kinetics. 

 

1.3.6 Nitrogen Transformations are a Function of Soil Water Content 
All tool development was based on the assumption that ammonium-nitrogen is converted 

to nitrate-nitrogen, and nitrate-nitrogen is converted to nitrogen gas, based on Monod kinetics, 
and that the transformations are a function of water content in the STU. Nitrification requires 
aerobic conditions, and denitrification requires anaerobic conditions. Both processes depend on 
the oxygen diffusion rates to and from nitrogen transformation sites compared to the kinetic 
uptake rate of oxygen. These processes are too complex to model based on available information 
in the literature. However, oxygen diffusion depends upon the soil tortuousity and the water 
content (Millington and Quirk, 1960). Thus, soil texture and water content were used as 
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surrogates for the many parameters that control oxygen diffusion and uptake (Tucholke, 2007). 
Others have also suggested that nitrification and denitrification are functions of water content 
(Grant, 1995; Bollman and Conrad, 1998; Schjonning et al., 2003). For example, nitrification 
cannot occur at relatively large water saturations because insufficient oxygen can diffuse to the 
nitrifying microbes. On the other hand, nitrification cannot occur at very low water contents 
because nutrient diffusion to the microbes is limited. Thus, a non-linear function that modifies 
the maximum nitrification rate for a particular soil type was used.  

Denitrification requires anaerobic conditions that, in turn, require that the soil saturation 
be greater than a value to limit oxygen diffusion (about 70%). Denitrification is maximized when 
soils are saturated to limit oxygen diffusion in the gas phase and when soils have sufficient 
tortuousity to limit diffusion in the aqueous phase. Tortuousity is correlated to soil texture (e.g., 
clays have considerable tortuousity that limits oxygen diffusion in the aqueous phase, and sands 
have less tortuousity which enables more effective oxygen diffusion). Consequently, maximum 
denitrification rates are associated with soil textures and are reduced using non-linear functions 
of water content. The maximum rate values for each soil texture and functions are based on an 
exhaustive review of reported nitrogen transformation rates in the literature (Tucholke 2007; 
McCray et al., 2005).  

 

1.4 Microorganism Transport and Transformations 
A wide range of human-pathogenic microorganisms, which include enteric viruses, 

enteropathogenic bacteria, and protozoa are found in STE. In soil-based OWTS, the STU is 
expected to remove and/or inactivate these biological contaminants, preventing their transport to 
surface or ground water. Removal and inactivation of pathogens depends on system design 
parameters and soil properties and the dynamic interaction between these.  

Among the most important OWTS design parameters are the distance to ground or 
surface water, HLRs, and/or dosing regimes. Most onsite wastewater codes require a minimum 
separation distance between the infiltration zone of the STU and the seasonal high water table or 
saturated zone irrespective of soil characteristics (U.S. EPA, 2002). However, the effectiveness 
of these separation distances can be significantly influenced by the HLR, dosing regime, and soil 
properties, which are not necessarily designed for optimal removal of all types of pathogens. 

The interplay of virus isoelectric point, pH and clay mineralogy is an important factor in 
determining virus removal, as are the level of dissolved organic matter in STE and the presence 
of unsaturated conditions below the infiltrative surface. Neither soil texture nor treatment depth 
appears to be important controls on viral fate. Removal of bacterial pathogens and protozoa, on 
the other hand, takes place primarily by mechanical filtration, a process that is governed by soil 
texture, treatment depth, and the presence of unsaturated conditions below the infiltrative 
surface. By contrast, HLR does not appear to have a consistent effect on bacterial removal.  

 

1.5 OWC Transport and Transformations 
Organic wastewater contaminants (OWCs) can have a wide array of ecotoxicological 

effects and negative impacts. Endocrine disrupting compounds are a subclass of OWCs that 
negatively influence reproductive development and hormone production and response in some 
organisms. This has been shown to cause “gender-bender” effects in some species of fish and 
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amphibians causing populations to become predominantly female or male organisms to exhibit 
female qualities (Brown et al., 2003). Some OWCs affect other internal systems such as the renal 
system, which can lead to kidney failure in some organisms (Oaks et al., 2002). Other 
compounds have been shown to be carcinogenic and/or mutagenic (Robertson, 1994). 
Antimicrobial compounds may contribute to the evolution of resistant strains of bacteria (Glaser, 
2004; Singh, 2007; Suarez et al., 2007). Due to the wide array of compounds, five OWCs were 
selected based on the assessment of the compounds that are most likely to be associated with 
environmental implications and most likely to be regulated, and represent the diversity of 
compounds considered OWCs. The five contaminants are triclosan, 4-nonylphenol, 1,4-
dichlorobenzene, 17β-estradiol, and diclofenac. 

 

1.6 Other Considerations 
Although a user may not be comfortable with the assumptions described above, the 

simple tools developed may still be useful. For example, N-CALC, STUMOD, and HYDRUS all 
allow the user to select parameters (e.g., the nitrogen transformation rates, ammonium sorption, 
hydraulic parameters, etc) based on individual site conditions and user expertise. While median 
values represent the best engineering estimate based on available data, estimates of treatment can 
be obtained by selecting values that are considered less than optimal or that provide more than 
median treatment, based on the statistical distributions of the data representing model-input 
parameters (i.e., the 25th or 75th percentile values for each parameter). To aid the user in 
parameter selection, CFDs and look-up tables are provided in Chapter 3.0. In addition, rigorous 
sensitivity analyses and Monte Carlo simulations to determine the 25th, median, and 75th 
percentile values for treatment can be conducted in STUMOD. For HYDRUS, these values are 
not true 25th and 75th percentile estimates because treatment simulations are time-consuming 
and preclude Monte Carlo simulations or similar statistical methods. When using the simple tools 
such as N-CALC or STUMOD, the user can select parameter values that better represent their 
understanding or risk. For example, if the user believes that his OWTS scenario should provide 
more treatment than the assumptions allow, he could choose an optimistic treatment prediction, 
such as a 75th percentile value. On the other hand, if the user believes that her site or operating 
conditions are less conducive to treatment than suggested by the assumptions, then she could 
choose a conservative estimate (e.g., the 25th percentile) for parameter values. 

It should also be noted that a technical consultant can be hired to conduct site-specific 
simulations using HYDRUS. This is especially true if the user wishes to include different or 
more specific soil conditions, loading regimes, or OWTS geometries. The version of HYDRUS 
that was used to develop the tools provided in this toolkit incorporates the relevant processes 
associated with OWTS treatment. A technical consultant can also be hired to consider more 
detail in certain processes by using a model other than HYDRUS. An example is using a 
geochemical model to incorporate more detailed processes regarding ammonium cation 
exchange or phosphorus precipitation.  
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CHAPTER 2.0 

 
TOOL DEVELOPMENT 

 

 

The tools developed for this toolkit are based on the scientific principle that the soil-water 
system (i.e., the STU) provides treatment via physical, chemical, and biological transformation 
processes (see User’s Guide, Chapter 1.0). The tools range from very simple to complex and are 
structured to build off existing knowledge to evaluate the variations in STU performance under a 
range of the most common design, operating, and soil conditions. Models are valuable tools for 
predicting the behavior of a system. They can range in complexity from a simple equation that 
describes the main process in a system under ideal conditions to a complex numerical model that 
solves non-linear equations and generates results from time and space-varying inputs. Field data, 
statistical analyses, and mathematical modeling are used to develop and implement the simple 
tools.  

Some complex processes and interactions preclude incorporation into a simple tool 
(User’s Guide, Chapter 1.0). However, many of these complex processes as well as less-common 
operating conditions can be addressed by more complex models. Several existing models that are 
capable of simulating nitrogen attenuation in STUs were evaluated prior to selection of 
HYDRUS for tool development. Of these models, two stood out, each for different reasons: 
HYDRUS-2D CW2D, and DRAINMOD-N2. 

HYDRUS-2D (Šimůnek et al., 1999) is a variably-saturated water flow and solute 
transport program, that was proven to successfully simulate various small scale to agricultural 
and watershed scale hydrological processes. In 2005, an extension to HYDRUS-2D, called 
CW2D module (Langergraber and Šimůnek, 2005), was released. The CW2D module was based 
on activated sludge models, and was originally developed to simulate wastewater treatment in 
constructed wetlands. It was the only model that was found to consider most of the processes and 
components that are relevant to wastewater treatment in soils. The components include oxygen, 
three organic matter fractions (readily available, slowly degradable and inert), four nitrogen 
species (ammonium, nitrite, nitrate, and dinitrogen gas), inorganic phosphorous and three 
microbial populations (heterotrophs, autotrophic Nitrobacter and autotrophic Nitrosomonas). 
The model also considers oxygen diffusion, water-dependency functions and heat-dependency 
functions. Because CW2D has more than 50 relevant model-input parameters for the nitrogen 
transformations alone, excluding spatial heterogeneities in properties, the model could not be 
calibrated uniquely. Furthermore, insufficient information exists in the scientific literature to 
parameterize a defensible model based on literature values alone. While the model did manage to 
produce realistic growth of microbes that resembles a biomat, other outputs were questionable 
and difficult to explain. A complete description of CW2D is provided in Section 2.5 of this 
User’s Guide. 

The second model evaluated was DRAINMOD-N2 (Youssef et al., 2005). This model is 
an agricultural model, which takes into account nitrogen transformations and their dependencies 
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on water content, temperature and carbon content. DRAINMOD-N2 is a 1D model, and as such 
it is simple to run, yet engineering aspects of STUs cannot be simulated (trench systems versus 
drip, and other designs).  

The benefits of both models were combined such that the equations that are used in 
DRAINMOD-N2 were programmed into a HYDRUS-2D module specifically for this project. 
The coupling of HYDRUS-2D with the DRAINMOD-N2 equations allowed tool development 
using the already-proven water and solute flow functions and design flexibility of HYDRUS-2D, 
with the relative simplicity of the DRAINMOD-N2 nitrogen transformation equations. The 
number of input parameters for this module is less than half of the number of input parameters 
that are needed for CW2D. Thus, the modified numerical model HYDRUS-2D was used to 
develop the spreadsheet tools in the toolkit. (Note, the modified version of HYDRUS-2D used 
for this project is not publicly available at this time. Users interested in a modified version of 
HYDRUS should direct their interest to the HYDRUS developer.) Spreadsheet models are a 
simplification of numerical models enabling estimation of treatment based on user-specified 
conditions presented in a simple-to-use format that does not require prior modeling knowledge or 
lengthy model run times. Two spreadsheet tools developed for this toolkit are N-CALC and 
STUMOD. 

N-CALC is a spreadsheet model based on a further simplification of the general 
advection dispersion equation, which can be used to investigate steady-state treatment 
effectiveness based on soil texture (i.e., long-term performance for a relatively mature system). 
In N-CALC, the calculated nitrogen removal is influenced by the loading rate, certain soil 
properties, and nitrification and denitrification rates (that are associated with soil texture). 
STUMOD is a spreadsheet model developed based on existing fundamental principles of water 
movement and contaminant transport. An analytical solution is used to calculate profile of 
pressure and moisture content in the unsaturated STU. The chemical transport component is 
based on simplification of the general advection dispersion equation, which is based on chemical 
mass-balance. Because STUMOD has more accurate formulation for flow and the biochemical 
nitrogen transformations (based on water content) it provides a more robust answer for different 
soil types and moisture conditions. STUMOD should generally be used when the User is 
comfortable with the complexity of this model compared to N-CALC. 

To enable development of the nomograph tools and scenario outputs, numerous 
STUMOD and HYDRUS simulations were run to evaluate and illustrate various conditions. 
Prior to preparation of these tools, STUMOD was benchmarked against HYDRUS and the 
models were calibrated to field data. Benchmarking was done to ensure that both models 
produced similar and comparable STU performance output. Calibration of HYDRUS and 
STUMOD to field data was done to ensure that the model outputs match actual observed data. 
The models, HYDRUS and STUMOD, were calibrated using data from laboratory tests and field 
test sites where extensive monitoring was conducted that is not feasible in practice. However, 
data for model calibration is very limited to do rigorous calibration. For STUMOD, model results 
were compared to literature data for sandy soil (Whelan, 1988). The HLR and the effluent 
concentration in this study were 2.69 cm d-1 and 96 mg L-1 respectively. A comparison with 
measured data for total nitrogen showed that there was a good match between observed and 
model predicted values (R2 = 0.92). 

Descriptions of HYDRUS, STUMOD, and N-CALC are presented below. In addition, 
available information related to specific parameters and the rational for parameter selection 
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utilized during tool development is also described. These parameters are first discussed in the 
description of HYDRUS (Section 2.1). Any differences in the parameter selection between the 
models are described in the appropriate STUMOD or N-CALC sections (Section 2.2 and 2.3 
respectively). 

 

2.1 HYDRUS Description 
As mentioned previously, HYDRUS-2D (Šimůnek et al., 1999) is a variably saturated 

water flow and solute transport program. During tool development, the numerical stability of 
HYDRUS-2D was improved especially with regard to high reaction rates and drip system 
simulations. It was critical to make sure that HYDRUS was not only parameterized correctly, but 
that it also produced realistic results. For example, operational scenarios that are typical to STUs, 
such as frequent wetting-drying periods, are computationally demanding as the soil system is 
almost constantly away from steady-state conditions. In addition, under certain conditions the 
reaction rates are very high (mostly nitrification), which creates numerical fluctuations in 
instabilities. An improvement implemented during tool development was the ability to track 
several solute mass fluxes at several depths (the original software allows tracking mass fluxes of 
only one solute) which added another dimension of simulation evaluation – in addition to the 
actual solute concentration at a specific depth. In this regard, the mass flux across a boundary or 
at a specific depth gives a more direct estimate of the mass percent removed during STU 
percolation. Finally, initial domain set-up in HYDRUS revealed that a half-space model with a 
horizontal distance equal to one half the typical distance between trench center lines will account 
for any interactions that occur between trenches. 

The best available data from the science and engineering literature was used as input to 
HYDRUS for both visual graphic and simple spreadsheet tool development. 

2.1.1 Ammonium Sorption 
Both HYDRUS and STUMOD incorporate ammonium sorption (Kd). Several factors 

control the ammonium sorption capacity of the soil. For example, an increase in organic matter 
increases the preference for ammonium sorption (Fernando et al., 2005). Sorption is also 
expected to increase at higher temperatures (Rodriguez et al., 2005), and in dry soils versus wet 
soils. In fact, an inverse linear relationship has been observed between the amount of ammonium 
adsorbed on clay and the water content in the clay independent of clay mineralogy and cation 
exchange capacity (CEC) (Mortland and Raman, 1968; Dontsova et al., 2005), suggesting that 
the adsorbed water inhibits ammonium adsorption.  

Furthermore, other cations present in wastewater (e.g., Na+, K+, Ca2+ and Mg2+) will 
compete for sorption sites, hence lowering the effective capacity for the ammonium ion. The 
selectiveness of these ions relative to ammonium is not clear; although it is typically assumed 
that the ions with the highest charge will have the highest affinity for cation exchange sites 
(Jorgensen and Weatherley, 2003). The following series of relative selectivity has been 
suggested in order of decreasing affinity for cation exchange sites: Al3+ > Ca2+ > Mg2+ > NH4+ > 
K+ > H+ > Na+ (Buss et al., 2005). 

Research has also shown that ammonium sorption typically follows a linear isotherm in 
field soils where the concentrations of ammonium are relatively low (<22 mg-N L-1) (DeSimone 
and Howes, 1998), while a nonlinear adsorption relationship is typically assumed under high 
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concentration conditions (van Raaphorst and Malschaert, 1996; Laima et al., 1999; Fernando et 
al., 2005) (Figure 2-1). While this phenomenon may impact the magnitude of sorption in the 
STU, a constant Kd value was used in the tool development efforts. Of note, the sorption 
coefficient is not expected to vary much with soil depth (van Raaphorst and Malschaert, 1996). 

 
Figure 2-1. Decrease in Sorption Coefficient with Increase in Ammonium Concentration. 

Data obtained from van Raaphorst and Malschaert (1996). 

 

Although a CFD serves as an excellent tool for making risk based decisions on the 
selection of appropriate Kd values to be used in the predictive tools, a few factors should be taken 
into account. For example, the magnitude of the CEC, which is the sum of cations a soil can 
absorb, depends on soil texture, types of minerals in the soil and the amount of organic matter. 
Because sand typically has a very low CEC (2-10 meq per 100 g), while clay-rich soils have a 
high CEC (20-40 meq per 100 g), the clay content in any given soil will control ammonium 
sorption (Buss et al., 2005).  

In total, 43 Kd values were found in the literature. While the values ranged greatly, 
minimum of 0.025 to a maximum of 150 L kg-1 (User’s Guide, Figure 3-11), the median value 
was 0.6 L kg-1, and the inter-quartile range (IQR) 0.23 to 1.5 L kg-1 for all soils. However, 
because the CEC greatly influences the sorption capacity of the soils, two soil groups were 
created to summarize the assimilated Kd values (User’s Guide, Figure 3-12):  1) the clay-poor 
group (soils with less than 30% clay); and 2) the clay-rich group (soils with more than 30% 
clay). Of note, the USDA soil triangle (User’s Guide, Appendix A, Figure A-1) can be used as a 
guide to determine which textures are considered clay-rich versus clay-poor. The ammonium 
sorption values are summarized in Table 2-1. 
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Table 2-1. Summary of Ammonium Sorption Coefficients for Clay-Rich and  
Clay-Poor Soils as Reported in the Literature. 

  Ammonium Sorption Coefficient Kd (L kg-1) 
 n Minimum Median Maximum 

All soils 43 0.025 0.6 8.7* 
Clay-rich 9 0.18 1.46 8.7 
Clay-poor 34 0.025 0.35 3.5 
* One value of 150 L kg-1 excluded 

 

It is useful to note that one clay rich value was excluded from any statistical analysis. 
This value was 150 L kg-1, which is much larger than the next largest value (8.7 L kg-1). The 
latter agrees with the U.K. Environment Agency study (Buss et al., 2005), which indicated a 
largest value for Kd of 6.5 L kg-1 among clay-rich soils. It should also be noted that the Buss et 
al. (2005) study values were not used in this analysis if the values were reported with “low 
confidence” for a particular soil.  

To include sorption in the uncertainty analysis, a representative “average” value with 
minimum and maximum values was required. Because the distribution of Kd values is log-
normal (User’s Guide, Figure 3-11), the use of normal statistics (i.e., calculation of mean and 
standard deviation) was precluded. Instead, the median values for the clay-rich and clay-poor 
soils were used to determine best representative values, and the 5th and 95th percentiles were used 
to show expected ranges in Kd values for the uncertainty analysis.  

For hydraulic simulations during tool development, the clay-poor Kd values were used for 
the following groups:  sand, loamy sand, sandy loam, loam, silt loam, and silt. For the remaining 
soil groups, the clay-rich values were used. However, as stated previously, other factors may also 
be important for consideration for individual specific cases. For example if the CEC is very low 
(20 meq per 100 g), sorption is expected to be very low as well and selection of a smaller Kd 
value from the CFD may be warranted. In contrast if the effluent is high in COD, sorption is 
expected to increase and a higher Kd value should be chosen. Table 3-10 in this User’s Guide 
summarizes the factors that play a role in ammonium sorption and may aid in the decision 
making of choosing an appropriate Kd value. 

2.1.2 Ammonification 
HYDRUS was modified for the transformation of organic nitrogen to ammonium 

(ammonification). However, because the tools developed for this toolkit were based on the 
application of ammonium-nitrogen and nitrate-nitrogen only, the ammonification process is not 
considered. The following discussion is provided for completeness related to modifications made 
to HYDRUS. 
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where μamm is the calculated zero-order ammonification rate, μamm,max is the maximum 
(optimum) ammonification rate, Corg is the organic-nitrogen concentration, and Km,org is the half-
saturation constant, which is the organic-nitrogen concentration at which the ammonification rate 
is half its maximum value. ft and fsw are temperature-dependency and saturation-dependency 
functions, respectively, and are defined as: 



  2-6 






















−+−=

opt
optt T

TTTf 5.015.0exp ββ  (2.1.2-2) 

where ft is the temperature-dependency function (given values between 0 and 1), T is the 
temperature, Topt is the optimum temperature for nitrification, and β is a fitting parameter. 
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where fsw is the saturation-dependency function (given values between 0 and 1), fs is the 

value of fsw at full saturation, fwp is the value of fsw at the wilting point, sh is the upper saturation 
boundary for optimal ammonification, sl is the lower saturation boundary for optimal 
ammonification, swp is the saturation level at the wilting point, s is the actual soil saturation, and 
e2 and e3 are fitting exponents. 

2.1.3 Nitrification 
During nitrification, ammonium-nitrogen is transformed to nitrite-nitrogen and nitrate-

nitrogen through biological aerobic oxidation, by specific autotrophic microbes (Nitrosomonas & 
Nitrobacter). These organisms use oxygen as a terminal electron acceptor, with Nitrosomonas 
oxidizing ammonium-nitrogen to nitrite-nitrogen, and Nitrobacter converting nitrite-nitrogen to 
nitrate-nitrogen. The process is assumed to occur relatively fast in the STU. The following 
equation describes the nitrification rate equation implemented in STUMOD and HYDRUS: 
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where μnit is the calculated nitrification rate, μnit,max is the maximum (optimum) 
nitrification rate, CNH4  is the ammonium-nitrogen concentration, and Km,NH4 is the half-saturation 
constant, which is the ammonium-nitrogen concentration at which the nitrification rate is half its 
maximum value. ft and fsw are the temperature-dependency (equation 2.1.2-2) and saturation-
dependency functions (equation 2.1.3-2). 
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where fsw is the saturation-dependency function (given values between 0 and 1), fs is the 
value of fsw at full saturation, fwp is the value of fsw at the wilting point, sh is the upper saturation 
boundary for optimal nitrification, sl is the lower saturation boundary for optimal nitrification, 
swp is the saturation level at the wilting point, s is the actual soil saturation, and e2 and e3 are 
fitting exponents. 

2.1.3.1 Nitrification Half-Saturation Constants 
Half-saturation constants for ammonium transformation (Km,NH4) reported in the literature 

generally range between 0.06 and 12 mg-N L-1 (Jenkins and Kemp, 1984; Lotse et al., 1992; 
Sheibley et al., 2003), with the majority of the values between 1 and 5 mg-N L-1 (Sheibley et al., 
2003). A commonly accepted value is 1.0 mg-N L-1 (Rittmann and Snoeyink, 1984; Henze et al., 
1987). These values essentially result in zero-order rates for relevant nitrogen concentrations in 
onsite wastewater problems (i.e., nitrogen concentrations above natural background of a few mg-
N L-1). However, a value of 5 mg-N L-1 was chosen as it still simulates zero-order reaction rates, 
but also because the numerical formulations in HYDRUS and STUMOD were more stable when 
Km,NH4 values were greater than 1. Furthermore, sensitivity analyses showed that predicted 
treatment does not change measurably for a range of Km,NH4 values between 1 and 5.  

2.1.3.2 Temperature Effects on Nitrification 
Nitrification rates are a non-linear function of temperature. The general shape of the 

function is a Gaussian-type bell-curve, with a peak corresponding to the optimum temperature 
for nitrification (Topt) and width of curve determined by β (Figure 2-2). To determine the impact 
any given soil temperature as on the magnitude of nitrification, equation 2.1.2-2 was used. 
Because most researchers only report temperature response of nitrifying bacteria in ranges lower 
than Topt, the attempt to parameterize Topt and β from curve fitting was virtually impossible. 
Specifically, the available data had a large peak at ~25 to 26oC (room temperature) with limited 
data at temperatures above and below. In addition, past research typically report microbial 
response to only three fixed temperatures, which is not sufficient for robust curve fitting. Thus, 
similar to nitrification curve fitting, Excel Solver was used to back-calculate the Topt. 
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Figure 2-2. Nitrification Temperature-Dependency Function. 

The function retrieves a maximum value at 25˚C (red dashed line) and at 15˚C the temperature function 
yields a value of 0.5 (blue dashed lines). 

 

Q10 is a measure of the factor of increase or decrease of microbial activity when 
temperature is changed by 10°C. While Q10 values can range significantly, research has shown 
that Q10 = 2 is typical for nitrification (Addiscott, 1983; Campbell et al., 1984). With an optimum 
temperature of 25°C and Q10 of 2, the temperature function implemented in HYDRUS and 
STUMOD should yield a value of 0.5 at 15°C (Figure 2-2), which was obtained by using a fitted 
β value of 0.34 in the temperature function (Equation 2.1.2-2).  

Malhi et al. (1990) showed that the optimal temperature for nitrification changes from 
region to region based on the average annual air temperature: nitrifying microbes in cold climate 
will have a lower optimum temperature than nitrifying microbes in warm climates. This 
phenomenon is shown in Figure 2-3 through curve fitting to several data sets from several 
locations with different climatic zones. It can be seen that microbes from a cold climate (e.g., 
Alberta, Canada, with an average annual air temperature of 2.5°C) are exhibiting maximum 
nitrification at ~19°C (Malhi and McGill, 1982), whereas nitrifying microbes in more temperate 
regions (e.g., Germany and France), perform best at ~25°C (Grundmann et al., 1995; Avrahami 
et al., 2003). Although the optimum temperature may vary slightly between regions, the 
compilation of the reported rates from the literature yielded an optimum temperature of 25°C 
(Figure 2-3). 
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Figure 2-3. Fitted Temperature Functions to Soil Nitrification Data. 

 

2.1.3.3 Maximum Nitrification Rates  
To determine appropriate maximum nitrification rates (μnit,max) for Equation 2.1.3-1 as 

input values in STUMOD and HYDRUS, 20 maximum nitrification rates from twelve different 
studies were compiled. Several studies reported the rates as first order (d-1); however, those rates 
were not used because the input parameters in the numerical models required rates reported as 
mg N L-1 d-1. When the rates were reported as mg N kg-1 d-1, the rates were converted to mg N L-

1 d-1 using bulk density, porosity and soil moisture. Because the nitrification rates are expected to 
reach a maximum at 25ºC, and to enable a comparison of the reported rates, they were first 
temperature corrected to 25ºC using the Arrhenius equation (2.1.3.3-1).  
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where k1 is the reaction rate (mg-N L-1 d-1) at 298.15 K, and k2 is the reaction rate at the 
reported temperature (T2), Ea is the activation energy (J mol-1), R is the gas constant (8.31 J mol-1 
K-1) and T1 is the temperature when nitrification is maximum (298.15 K). It is necessary to know 
the activation energy before temperature correcting the rates. The activation energy is a function 
of Q10, which is typically assumed to equal 2 when normalizing reaction rates to a set 
temperature that fall in the narrow range of temperatures (5-28 °C) that normally occur in the soil 
(Stark, 1996). It follows, from Equation 2.1.3.3-1, that if T2 = 308.15 K, T1= 298.15 K, and k2 = 
2 x k1, the activation energy becomes Ea = 53 kJ mol-1. The reported rates could thus be 
temperature corrected to 25°C. Of note, the Arrhenius equation is fundamentally an empirical 
equation based on the linear relationship obtained from a plot of the natural logarithm of the 
reaction rate versus the inverse of the temperature. Virtually all rate constants can be written in 
the Arrhenius form (Hill, 1977); hence it is a useful relationship to use whether zero-order or 
first-order reaction rates are expected. The range in the reported nitrification rates was quite large 



  2-10 

(4 orders of magnitude), with a minimum value of 0.5 mg-N L-1 d-1, a maximum value of 574 
mg-N L-1 d-1, and a median value of 56 mg-N L-1 d-1 (User’s Guide, Figure 3-14). With such 
highly skewed data, the IQR of 4 to 87 mg N L-1 d-1 better portrays the expected range in rates.  

To conduct uncertainty analysis of the reported rates, the minimum and maximum values, 
along with the mean and standard deviation are required; however such analysis cannot be done 
unless the data are normally distributed (typically not the case with environmental data). If the 
data set is log-normally distributed, it can first be log-transformed, after which select statistical 
analysis (e.g., mean and standard deviation) can be conducted. A normality test of the reported 
rates confirmed that the distribution of the data was lognormal. The IQR serves as the basis for 
identifying suspected outliers in a data set, where an observation may be an outlier if it falls more 
than 1.5×IQR above the third quartile or below the first quartile in a normally distributed data 
set. After transforming the data, the data were first screened for outliers using the 1.5×IQR test. 
Upon close examination of the compiled and transformed data, no outliers were found to exist.  

Because the magnitude of nitrification is expected to vary depending on soil texture, the 
reported rates were separated into three textural groups (sandy soil, silty soil and loam) to allow 
for further statistical analysis. These groups were arbitrarily chosen as they are similar to the 
three soil groups present for denitrification (of note, clay-rich soils were omitted as none were 
reported in the literature). A 1-way analysis of variance (ANOVA) test was deemed appropriate, 
as the transformed data were normally distributed. The ANOVA test showed that the means 
between the different soil groups were not statistically different at alpha = 0.05 (Table 2-2). As a 
result, the reported nitrification rates for all soil textures were lumped together to obtain the 
median expected rate. 

Table 2-2. Results of 1-way ANOVA to Determine the Effect of Soil Texture on Nitrification Rates.  

Source of Variation  Sum of Squares Degrees of Freedom Mean Square F-Test P 
Soil texture 7.01 2 3.51 0.85 0.45 

Residual  70.4 17 4.14   
Total  77.4 19    

 

2.1.3.4 Soil Moisture Dependency 
Soil moisture content has a large influence on the diffusivity of gases and therefore on the 

availability of oxygen to the nitrifying microbes. Research has shown that a water filled porosity 
(WFP) around 60% offers the most suitable conditions for aerobic bacteria (Linn and Doran, 
1984; Del Grosso et al., 2000), because the diffusion of oxygen is not restricted (Parton et al., 
1996). At a WFP below 60% nitrifying activity is inhibited due to limited substrate diffusion and 
limited water availability for microbial activity (Stark and Firestone, 1995), while at a WFP 
above 60% conditions favor anoxic bacteria as oxygen diffusion into the soil is inhibited. While 
little research has been conducted as to the influence of soil texture on the magnitude of 
nitrification, coarse-textured soils have been found to have a maximum nitrification rate at 45-
50% WFP while fine-textured soils have a max rate at 55-65% WFP (Bollman and Conrad, 
1998; Del Grosso et al., 2000). But, maximum nitrification activity has also been found at greater 
WFP. In fact Schjonning et al. (2003) showed that soils with high porosity (0.5) and large 
fraction clay (35%) may see maximum nitrification rates at 82% WFP, and in soils with low 
porosity (0.4) and low fraction of clay (11%) the maximum nitrification rates were at 63% WFP. 
Although the expected maximum nitrification rate has been found to occur at higher WFP in 
fine-textured soils compared to in coarse-textured soils, the magnitude of the rate is typically 
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greater in the latter. The above research may suggest that substrate diffusion is inhibited in fine-
textured soils at lower soil moisture contents; and although ample oxygen is present in the soil 
for the nitrifying bacteria there is not enough substrate. In contrast, as the soil moisture content 
increases and sufficient substrate becomes available, anoxic conditions prevail resulting in a 
lower maximum nitrification rates in fine-textured soils compared to in coarse-textured soils. 

It is well understood that nitrification is an aerobic process; hence nitrification is unlikely 
to occur in nearly saturated soils, providing the oxygen has been consumed. Diffusion to 
nitrification sites is often too slow to enable sufficient nitrification (depending on soil texture). 
Furthermore, at low moisture contents the substrate (ammonium and aqueous CO2) diffusion 
between soil pores is limited because of poor connectedness of “wet” soil pores. Thus, low 
moisture contents limits or disables nitrification as well.  

The conceptual model for nitrification soil moisture function is thus a function with a 
peak nitrification at intermediate water contents, where both oxygen diffusion and ammonium 
diffusion reach an optimal balance, and low nitrification at low and high water contents is 
described by equation 2.1.2-3. Parameterization of this equation was completed using available 
literature data. Data points were extracted from several articles that reported nitrification rates as 
a function of WFP, and were fitted with equation above using the Excel Solver tool (Figure 2-4). 
As expected, different soils were parameterized with different values, yet the overall fits to data 
were very good (all better than R2 = 0.9). 

Because the available data did not cover all existing soil textures, an attempt was made to 
combine the existing data into groups that could be used as indicator for soil textures for which 
data was not available. A correlation matrix was compiled for the 6 curves that are shown in 
Figure 2-4. The fitted curves were checked for correlation (i.e., how much do the moisture-
dependency curves in clay or silt look alike, or how much do they differ from the moisture-
dependency curves of sandy soils) to determine if combining the different curves was possible 
(i.e., assume similarity of moisture-dependent curves between different soils). In this process, the 
correlation between each two fitted curves is calculated, and represented by an R2 value (Table 
2-3) with correlations of R2 >0.7 highlighted. 

It can be seen that there is a clear correlation between the moisture-dependency curves of 
soils with high silt content, and a good correlation between the sandy loam and the silt-rich soils. 
On the other hand, the two curves for clay-rich soils do not correlate well with any other soils, 
but only with each other. Clearly, clay-rich soils (>30% clay content) tend to have a narrow-
peaked shape at high water-filled porosities, whereas clay-poor soils (<30% clay content) tend to 
have a broad peak at intermediate water-filled porosities. However, due to the limited number of 
studies reporting moisture dependency for clay-rich soils, it was deemed necessary to combine 
the results from all reported studies, resulting in one moisture-dependency curve (Figure 2-5). 
The parameters for the nitrification water-dependency equation could then be obtained. 

Table 2-4 summarizes the numerical values for the parameters that make up the 
nitrification water-dependency equation. Because the number of fitted curves was not high 
enough to reliably calculate standard deviations for each parameter, the minimum and maximum 
values are shown instead. 
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Figure 2-4. Best Fit of Experimental Data to the Moisture-dependency Function. 

A) Sandy loam (Schjonning, 2003); B) Sandy clay loam (Schjonning, 2003); C) Sandy clay loam / sandy clay (Schjonning, 2003); 
D) Silty loam (Grant, 1995); E) Silt (Bollman and Conrad, 1998); F) Silty loam (Bollman and Conrad, 1998). 

 
Table 2-3. Correlation Matrix for the Curves Shown in Figure 2-4. 

 Sandy Loam Sandy Clay Loam Sandy Clay Silt Loam Silt Silt Loam 2 
Sandy Loam x x x x x x 
Sandy Clay Loam 0.695 x x x x x 
Sandy Clay 0.443 0.887 x x x x 
Silt Loam 0.674 0.018 -0.186 x x x 
Silt  0.924 0.592 0.293 0.720 x x 
Silt Loam 2 0.873 0.602 0.520 0.728 0.821 x 
R2 values > 0.7 are highlighted. 
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Figure 2-5. Nitrification Moisture Dependency Function Developed from Existing Data. 

 
Table 2-4. Fitted Parameters for the Nitrification Moisture Dependency Function. 

Parameters Minimum Median Maximum 
fwp 0.000 0.000 0.029 
fs 0.000 0.000 0.000 

swp 0.000 0.154 0.378 
sl 0.488 0.665 0.829 
sh 0.690 0.809 0.888 
e2 0.841 2.267 4.341 
e3 0.393 1.104 5.007 

 

2.1.4 Denitrification 
Denitrification rates and soil characteristics were obtained from Tucholke (2007). In 

total, over 600 denitrification rates were assimilated and analyzed. While both first order and 
zero order rates ere reported, only zero order rates were used, because denitrification is assumed 
to follow Monod kinetics (User’s Guide, Section 1.3.5) such that when concentrations are high 
(such as the case in wastewater systems), the rate become zero order. Most rates reported in the 
literature are zero order. The use of principal component analysis helped determine that WFP 
was the most important controlling soil characteristics. The results showed that variations in 
denitrification rates were strongly related to soil textural classes. Three principal groups were 
identified that coincided with soil textural classes: 1) sandy soils – those with >50% sand 
content; 2) silty soils – those with >50% silt content; and 3) clayey soils – those with <50% sand 
and <50% silt content. It should be noted that the clayey soils do not necessarily mean high clay 
content. For example, a soil can have 45% sand, 45% silt and only 10% clay, while still falling 
into the clayey group (see User’s Guide, Appendix A, Figure A-1). 

Most of the denitrification rates reported in the literature are associated with agricultural 
studies, and thus the denitrification rates were typically reported in terms of mass nitrogen per 
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area per time, which is analogous to the flux over the ground surface area. To use HYDRUS for 
visual-graphic tool development, and for the development of the spreadsheet models, the units 
were converted to mass nitrogen per volume per time, where the volume is the pore volume, not 
the bulk soil volume, and the soil was fully saturated. The conversion from area to volume of 
pore water required making some assumptions. To convert from area to volume of bulk soil, a 
representative soil depth value had to be considered. The meaning of this soil depth value was 
that most denitrification, reported as flux from the surface of a field-plot or test column, occurred 
between the soil surface and that depth. Because the process of denitrification is dependent on 
carbon, the assumed soil depth translates indirectly to the thickness of the organic-rich topsoil. 
Although regional variations exist in topsoil thickness, a representative value of 20 cm was 
chosen. By using the carbon function (Equation 2.1.4-1) and the model input parameters 
determined by Wang et al. (2005), it can be shown that when the soil depth is greater than 20 cm, 
little denitrification is expected (Figure 2-6). The carbon function can be written as: 

az
z ef −=  (2.1.4-1) 

where a is a fitting parameter, and z is depth below the soil surface. 

 
Figure 2-6. Results of Using Model Input Parameters Developed by Wang et al. (2005). 

The carbon function provides the fraction by which the denitrification rate can be multiplied in a typical soil. 

 

Using the carbon function and an assumed 20 cm soil depth for converting the 
denitrification rates from flux rates to mass nitrogen per volume per time was deemed justifiable 
because most of the assimilated denitrification data came from studies conducted on agricultural 
or forest soils. The carbon content for agricultural/forest soils is well known and assumed to be a 
limiting factor, whereas the carbon distribution with the STU beneath a trench or drip system is 
not well known. The carbon function was not used in the development of the spreadsheet tools 
(STUMOD and N-CALC) as it was assumed that sufficient carbon exist in the STE to promote 
denitrification (User’s Guide, Section 1.2.2).   
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It is reasonable to assume that denitrification does not occur within the soil grains, and 
that the process is confined to the pore space (including the surface of soil grains). The 
conversions of denitrification rates from volume of bulk soil to volume of pore water were done 
by using the porosity. While the porosity varied between different soils, a value of 0.4 was used 
in the calculations. It is important to realize that all denitrification parameters were developed 
prior to this last conversion. 

Because literature-review findings (McCray et al., 2005; Tucholke, 2007) suggest that 
denitrification rates are zero order at higher concentrations and first-order at lower 
concentrations, Monod kinetics were utilized when modeling nitrate-nitrogen transformations. 
The following equation describes the denitrification rate equation implemented in STUMOD and 
HYDRUS: 
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where μdenit is the calculated denitrification rate, μdenit,max is the maximum (optimum) 
denitrification rate, CNO3 is the nitrate-nitrogen concentration, and Km,NO3 is the half-saturation 
constant, which is the nitrate-nitrogen concentration at which the denitrification rate is half its 
maximum value. ft, fsw, and fz are temperature-dependency, saturation-dependency, and carbon-
dependency functions, respectively. ft is defined in Equation 2.1.2-2, while fz is defined by 
Equation 2.1.4-1 and fsw is defined as: 
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where fsw,dn is the saturation-dependency function (given values between 0 and 1), sdn is a 
threshold saturation value for denitrification, s is the actual soil saturation, and e is a fitting 
exponent. Figure 2-7 provides a visualization of these denitrification functions. 
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Figure 2-7. Visual Representation of the Functions Incorporated into HYDRUS-2D.  

A) Carbon-dependency function (equation 2.1.4-1), B) the temperature-dependency function (equation 2.1.2-2), C) the 
saturation-dependency functions for, nitrification (solid line), and denitrification (dashed line) (equations 2.1.2-3 and 2.1.4-3), and 

D) the Monod (reaction dependency on available nutrients for Equations 2.1.3-1 and 2.1.4-2). 

 

2.1.4.1 Denitrification Half-Saturation Constants 
Half-saturation values for nitrate-nitrogen transformations (Km,NO3) based on actual 

measurements are sparsely reported in the literature, but have been found to range from 0.76 to 
10 mg-N L-1 (Abdul-Talib et al., 2002). While a half-saturation constant of 1 mg L-1 is 
commonly used when modeling nitrogen transformations in most natural soil systems, both 
STUMOD and HYDRUS were unstable with such a low value (division by low Km,NO3 values 
resulted in high values in the calculation matrixes). Instead, a half-saturation constant of 5 mg L-1 
was used in the tool development (as discussed for nitrification). Because the concentration of 
nitrate-nitrogen in the nitrified effluent is typically much greater than Km,NO3, zero-order 
denitrification rates are expected except for at depths where the concentration of nitrate-nitrogen 
has decreased significantly. Although use of first-order rates may be more appropriate at such 
depths, the soil moisture content will be the limiting factor; thus little to no denitrification is 
expected to occur. 
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2.1.4.2 Temperature Effects on Denitrification 
The optimal temperature for denitrification was determined based on 306 data points 

from the literature (Tucholke, 2007). Only rates reported as mg-N L-1 d-1 were used when 
determining the optimal temperature, as any potential errors from doing rate conversions from 
flux rates were omitted. The distribution of the reported data as function of temperature is 
depicted in Figure 2-8. Although the magnitude of denitrification varied greatly at all 
temperatures, the largest rates were reported when the soil temperature was between 20 and 
30°C. Based on the apparent “bell-shape” present in Figure 2-8, it seemed reasonable to assume 
that the optimal temperature for denitrification is 25°C. 

 
Figure 2-8. Denitrification Rates as Function of Soil Temperature. 

Plot contains 306 data points assimilated from the literature (data from Tucholke, 2007). 

 

The temperature function for denitrification is the same as for nitrification (Equation 
2.1.2-2). While the optimum temperature could be determined from Figure 2-8, the β value, 
which determines the shape of the temperature function, could not be fitted due to the high 
scatter of the data. However, because the β value is related to Q10, and Q10 is assumed to be 2, the 
β value for denitrification was set to be equal to the β value from the nitrification temperature-
dependency function, which was 0.34 (User’s Guide, Section 2.1.3.4). The assumption that 
Q10=2 when converting reaction rates to 25°C is a common assumption in most microbial 
systems. However, it is interesting to note that if a Q10=4 is used when converting the reported 
data, little overall difference is noticeable in the CFD (Figure 2-9). 
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Figure 2-9. Comparison of Denitrification Rates as Function of Soil Temperature. 

(306 data points assimilated from the literature adapted from Tucholke, 2007). 

 

2.1.4.3 Maximum Denitrification Rates 
Denitrification is expected to reach a maximum value at fully saturated conditions (i.e., 

when the WFP is 100%). Because the reported experiments were conducted at different 
temperatures, the rates were first normalized to 25ºC using the Arrhenius expression (Equation 
2.1.3.3-1) as described earlier (User’s Guide, Section 2.1.3.3). The maximum denitrification 
rates used as input values in STUMOD and HYDRUS were compiled from the rates reported as 
mg-N L-1 d-1 in the literature when the WFP was 100%. The rates were separated into the three 
different soil groups described earlier (Figure 2-10). In total, 165 maximum denitrification rates 
were used.  

2.1.4.4 Soil Moisture Dependency  
Unlike nitrification, denitrification takes place under anaerobic circumstances. Most 

denitrifying microbes are facultative, which means they can utilize different compounds for 
respiratory processes. When oxygen is depleted, microbes turn to nitrate-nitrogen as an electron 
acceptor, and convert nitrate-nitrogen to nitrogen gas. Soil moisture is highly correlated to the 
ability of oxygen to diffuse into soil pores. During high microbial activity, saturated soil leads to 
the creation of anaerobic conditions and enhances denitrification. The conceptual model for the 
soil moisture dependency of denitrification consists of a threshold WFP, below which there is no 
denitrification, and an exponential increase in denitrification with an increase in WFP. 
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Figure 2-10. Maximum Denitrification Rates by Soil Group. 

(165 data points assimilated from the literature, adapted from Tucholke, 2007) 

 

The denitrification saturation-dependency function implemented into HYDRUS and 
STUMOD is described by Equation 2.1.4-3. As with nitrification, water-dependency functions 
were fitted to data reported in the literature. However, while nitrification water-dependency 
functions were fitted to data sets from a few individual studies, a previous literature review and 
analysis (Tucholke, 2007) enabled a fit of denitrification curves to data values from several 
studies. In fact, sufficient data were reported to allow three separate water-dependency curves for 
the three prominent soil groups. However, positioning data points from many articles side-by-
side led to great scatter in the data, which made curve-fitting difficult. These data points capture 
the effect of WFP on denitrification; yet do not imply other factors, which may have influenced 
the actual rate. The scatter in the data led to unrealistic optimized curves. For example, the rates 
reported for 100% WFP ranged from 0.012 to 624 mg-N L-1 d-1. It is obvious that a 
denitrification rate of 624 mg-N L-1 d-1 is far too high to be realistic, yet receives great 
importance when using a standard normalizing routine. Hence, it was deemed necessary to 
normalize the rates on a scale from 0 to 1 (1 being equivalent to the highest recorded value) 
using the following equation: 

MinRMaxR
MinRRNR
−

−
=  (2.1.4.4-1) 

where NR is the normalized rate (scale of 0-1), R is a specific rate, and MinR and MaxR 
are the lowest and highest reported rates, respectively. To eliminate the biased effect of the 
extremely high or low reported rates, a “lumping” technique was applied to the data. This 
technique, while being somewhat subjective, is a good way of assigning an average value to a set 
of reported rates for similar WFPs, as the “lumping” is based not on the rates themselves, but on 
the distribution of WFP data (Figure 2-11). First, the reported WFPs were ranked by soil group 
from high to low (or vice-versa), and plotted against a “running tally” x-axis. Such plotting 
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emphasizes the distribution of WFPs and the number of reported rates in similar WFPs. Next, the 
average rates were calculated for similar WFPs based on the distribution of data. Although this 
results in fewer data points, each is more meaningful than each data point of the bulk data 
because they represent an average value (Figure 2-12). 

 
Figure 2-11. Example of Reported WFPs from Denitrification Experiments in “Silty” Soils. 

 

 
Figure 2-12. Reported Denitrification Rates (solid black diamonds) and 

Average Rates Based on Lumping (open squares) as a Function of WFP. 
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The optimized threshold values (Figure 2-13, Table 2-5) may seem too low, as most 
researchers place the threshold moisture content for denitrification in the 50%-80% WFP range 
(Grundmann and Rolston, 1987; Bergstrom and Beauchamp, 1993; Machefert and Dise, 2004; 
Wang et al., 2005); however, visual inspection of the optimized curves reveals that 
denitrification moisture curves with low threshold values and large exponent values are similar 
to curves with mid-ranged threshold moisture values and small exponent values. Furthermore, it 
is apparent from the reported denitrification rates (Figure 2-13) that some denitrification occurs 
when the WFP is below 50%. A phenomenon that can be explained by the presence of micro-
sites in soils, which enable creation of local anaerobic conditions even as the bulk soil moisture 
content is low. These micro-sites can be related to:  1) physical restriction of oxygen diffusion 
into small soil pores (Arah, 1990; Klemedtsson et al., 1997); 2) local increased aerobic activity 
where carbon “hot spots” exist (e.g., dead beetles, dead leaves and roots) (Parkin, 1987; Arah, 
1990); and 3) the ability of some microbes to utilize nitrate-nitrogen as an electron acceptor even 
in the presence of oxygen (Robertson and Kuenen, 1984).  

 
Figure 2-13. Fitted Denitrification Moisture-Dependency Functions to Literature Data for the Three Different Soil Groups. 

 
Table 2-5. Fitted Parameters for the Denitrification Moisture-Dependency Function for the Three Different Soil Groups 

Parameter “Sandy” Soil Group “Silty” Soil Group “Clayey” Soil Group 
Sdn 0 0 0 
e1 2.86 3.86 3.77 
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2.2 STUMOD Description and Development 
A simple spreadsheet model, STUMOD, was developed incorporating the same 

nitrification and denitrification equations used in HYDRUS. This tool is relatively simple to use 
but detailed enough to account for important fate and transport processes such as adsorption, 
biodegradation (for organics), nitrification, and denitrification. STUMOD calculates change in 
moisture content with depth; thus, the effect of soil moisture on denitrification rate can be 
determined. In STUMOD, an analytical solution is used to calculate the depth profile of pressure 
and moisture content based on Darcy’s law. The chemical transport component is based on a 
mass balance for advective transport with reactions. The STUMOD input parameters include 
operational parameters (effluent concentrations, HLRs) and calibration parameters for hydraulics 
and nutrient transformation. The output is the expected steady-state performance (i.e., constituent 
concentration) at the center under the point of effluent application. Input parameters required for 
STUMOD are listed in Table 2-6. 

STUMOD was developed for transport in the unsaturated zone, which is assumed to be 
predominantly vertical flow with contaminants transported mainly by advection and the effect of 
dispersion ignored. Continuous, steady state infiltration is assumed. When the effluent 
application rate is constant, the infiltration reaches steady state and the pressure profile or soil 
moisture profile does not change with time. Thus, a steady state pressure profile is predicted and 
a steady state concentration with depth is computed. A biomat and transitional biozone is 
incorporated. STUMOD can accept ammonium-nitrogen or nitrate-nitrogen effluent 
concentrations or both. If the effluent is ammonium, nitrogen can be removed through both 
adsorption and denitrification. If the effluent is nitrate, then nitrogen is removed through 
denitrification. The effect of moisture content on nitrification and denitrification is calculated 
based on soil moisture profile. STUMOD accounts for the effect of temperature on nitrification 
and denitrification.  

Default values are provided in the spreadsheet to aid the user during selection of inputs. 
However, additional reference information is also provided in the look-up tables and parameter 
sensitivity analysis.  
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Table 2-6. STUMOD Input Parameters. 

Parameter Units Definition 
Biomat Parameters 

Kb cm d-1 Biomat hydraulic conductivity 
BT cm Biomat thickness 

Carbon Parameters 
α - An empirical exponent for carbon content adjustment (also referred to as C) 

Hydraulic Parameters 
HLR  cm d-1 Hydraulic loading rate 
α1 - Parameter α in Gradner's analytical equation for pressure distribution (also referred to as αG) 
α2 - Parameter α in the soil water retention function (also referred to as αVG) 
Ks cm d-1 Saturated hydraulic conductivity (also referred to as Ksat) 
θ1 - Residual soil moisture (also referred to as θr) 
θ2 - Saturated soil moisture (also referred to as θs) 
n - Parameter n in the soil water retention function 
m - Parameter m in the soil water retention function 
l - Tortusity parameter  
ho cm Pressure head at the infiltrative surface 
cf - Calibration coefficient for pressure distribution (a multiplier from 0 to 1.5) 

Effluent Quality Parameters 
Co-NH4 mg-N L-1 Effluent ammonium-nitrogen concentration 
Co-NO3 mg-N L-1 Effluent nitrate-nitrogen concentration 

Nitrification Parameters 
Kr-max  mg-N L-1 d-1 Maximum nitrification rate 
Km-nit  mg-N L-1 Half-saturation constant for ammonium-nitrogen 
e2 - Empirical exponent for nitrification 
e3 - Empirical exponent for nitrification 
β1 - Empirical coefficient for temperature function for nitrification (also referred to as βnit) 
fs - Value of the soil water response function at saturation 
fwp - Value of the soil water response function at wilting point 
swp - Relative saturation at wilting point 
sl - Relative saturation for biological process (lower limit) 
sh - Relative saturation for biological process (upper limit) 

Temperature Parameters 
T oC Soil temperature 
Topt1 oC Optimum soil temperature for nitrification (also referred to as Topt-nit(oC)) 
Topt2 oC Optimum soil temperature for denitrifcation (also referred to as Topt-dnt(oC)) 

Denitrification Parameters 
Vmax mg-N L-1 d-1 Maximum denitrification rate 
Km-dnt  mg-N L-1 Half-saturation constant for nitrate-nitrogen 
e-dnt - Empirical exponent for denitrification 
β2 - An empirical coefficient for temperature function (also referred to as βdnt) 
sdn - A threshold relative saturation (dimensionless) 

Ammonium Sorption Parameters 
kd L kg-1 Adsorption Isotherm 
fr - Fraction of ammonium-nitrogen that remains sorbed on soil, calibration parameter (0 to 1) 
ρ kg L-1 Soil bulk density 

Target Depth for Output Displays 
D cm Soil depth 

Output Values at Target Depth 
C/Co NH4 mg-N L-1 Fraction of ammonium-nitrogen remaining at soil depth D 
C/Co TotN mg-N L-1 Fraction of total nitrogen remaining at soil depth D 
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2.2.1 Nitrogen Attenuation Calculation 
The overall procedure used to calculate nitrogen attenuation in STUMOD is shown in 

Figure 2-14. First the pressure profile is calculated first. The soil moisture profile is then 
calculated using the pressure profile and soil water retention parameters. The soil water profile is 
also used to calculate the unsaturated hydraulic conductivity. The soil moisture profile is 
important to determine the correction factor for the effect of soil moisture on nitrification and 
denitrification. Further detail is given in subsequent sections. 

 
Figure 2-14. Flow Chart of Nitrogen Attenuation Procedures Incorporated into STUMOD. 

 

2.2.1.1 Hydraulics 
The STU hydraulic behavior is an important part of fate and transport of pollutants. For 

STUMOD development, it was assumed that after a period of time, effluent infiltration into the 
STU would reach steady state. When the effluent application rate is constant the infiltration also 
reaches steady state and the pressure profile or soil moisture profile will not change with time. 
Thus, a steady state pressure profile is predicted in STUMOD. The equation for pressure profile 
is developed by combining Darcy’s equation and an exponential model introduced by Gardner 
(1958) (Equation 2.2.1.1-1):  
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where ψ is the pressure head and αG is an exponential parameter relating the unsaturated 
hydraulic parameter to suction head. Typically, αG is about 0.01 cm-1, and the range of values 
from 0.05 to 0.002 cm-1 likely covers most applications (Philip, 1969). Ko is hydraulic 
conductivity corresponding to ψ = 0.  

The pressure profile is then used to predict the moisture profile as described by Equation 
2.2.1.1-2. Then the pressure profile is then calculated on layer-by-layer basis in the soil. Two 
layers are included in STUMOD, the homogenous soil and an overlying less permeable biomat, 
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although additional layer can be added. STUMOD calculates the boundary condition (a pressure 
head) below the biomat based on the approach developed by Bouma (1975). The method 
assumes that the flux at the trench bottom through the biomat will be equal to the flux through 
the soil just beneath the biomat. Biomat thickness and hydraulic conductivities are inputs to the 
model. A correction factor (cf) is introduced as a calibration parameter or a multiplier used to 
adjust profile estimated using the empirical equation. The above empirical equation can be used 
to solve for ψ at z. The suction head ψ is then used in the van Genuchten (1980) equation below 
to calculate the soil moisture profile.  

( ) 0 ( ) 0
1

s r
r smn

vG

if and ifθ θθ ψ θ ψ θ ψ θ ψ
α ψ

 
− = + < = ≥ 

  +    (2.2.1.1-2) 

where αvG (cm-1) and n (unit less) are fitted parameters, θ(ψ) is the volumetric water 
content (cm3 cm-3), θs is the saturated volumetric water content (cm3 cm-3), θr is the residual 
volumetric water content (cm3 cm-3), and m = 1-1/n. The soil moisture profile calculated using 
Equation 2.2.1.1-2 is then used to compute and the change in unsaturated hydraulic conductivity 
with depth and the soil moisture function for nitrification and denitrification discussed in 
subsequent sections. θ from the above equation is used to calculate, the effective water content, 
which is then used to calculate the unsaturated hydraulic conductivity. Thus, the unsaturated 
hydraulic conductivity is also a function of the water content of a layer. The flux in each layer is 
calculated using the unsaturated hydraulic conductivity and the pressure head gradient using 
Darcy’s equation. The flux or velocity, vz, in each layer, is used to calculate the removal rate. 
Thus, the slower the flow through a layer the greater the removal in that layer and vice versa. 

2.2.1.2 Contaminant Transport  
Nitrogen can be removed in the vadose zone through sorption or reaction. The approach 

used in STUMOD is based on simplification of the general advection dispersion equation. A 
simplified relationship given by Equation 2.2.1.2-1 was developed assuming steady state 
condition and that advection dominates dispersion.  

z
swtzomom v

zfffRckcckc max)ln()ln( µ++=+  (2.2.1.2-1) 

where C is the concentration of the dissolved constituent at a given soil depth (z), Co is 
the concentration at the boundary, vz is the vertical water velocity, km is the half saturation 
constant, R is the retardation factor, fz, ft and fsw are reduction factors (between 0 and 1.0) for 
carbon, temperature and soil moisture dependency (discussed later), and μmax represents the 
maximum reaction rate (mg N L-1 d-1). Concentration cannot be calculated explicitly from 
Equation 2.2.1.2-1, but rather the equation is solved iteratively. The vertical velocity, vz, depends 
on the hydraulic loading and the soil properties, which affects how fast wastewater moves in the 
vadose zone and, thus, influences removal efficiency. Equation 2.2.1.2-1 is used for both 
nitrification and denitrification. However, for nitrification the retardation factor (R) and the 
carbon content function (fz) are set to 1.0, because these factors have no effect on nitrate-nitrogen 
removal. The retardation factor is given by Equation 2.2.1.2-2: 

θ
ρ dKR += 1  (2.2.1.2-2) 
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where ρ is the bulk density and Kd is the distribution coefficient, θ is the soil moisture 
content for each layer calculated using Equation 2.2.1.2-1. To predict the steady state 
concentration profile, the calculation is started from the top layer where Co is known (septic 
effluent concentration). The calculated concentration on the bottom of the first layer is used as 
new Co value for the second layer and so on. The Kd value used in STUMOD is based on 
reported literature values (User’s Guide, Section 3.2.2). 

Mass flux (mass/area/day) at the trench centerline is calculated as a product of centerline 
concentration and HLRs. However, using a centerline flux overestimates mass flux because 
centerline concentrations and flow rates are relatively high. To account for that, the 
concentration and flow rates were assumed to decline uniformly from the maximum value at 
centerline to zero at the trench boundary. Concentration and loading rate values at a distance 
one-third the trench width away from the centerline were used. Thus, the mass flux was 
calculated as a product of two-third of the concentration and two-third of the loading rates.  

2.2.1.3 Nitrification Rate 
The nitrification rate function in STUMOD is the same as described for HYDRUS as 

developed based on a modification of DRAINMOD-N2 (Skaggs, 1978; Youssef et al., 2005) 
(User’s Guide, Section 2.1.3). In STUMOD, a Monod-kinetic term is used (User’s Guide, 
Section 1.3.5). The Monod-kinetic term is multiplied by the temperature and soil moisture 
dependency functions ft and fsw to adjust for the effect of these factors on the reaction rate as 
defined in DRAINMOD equations.  

2.2.1.4 Denitrification Rate 
The denitrification rate function in STUMOD is the same as described for HYDRUS as 

developed based on a modification of DRAINMOD-N2 (Skaggs, 1978; Youssef et al., 2005) 
(User’s Guide, Section 2.1.4). In the original DRAINMOD equation, a first-order maximum 
denitrification rate was used and then adjusted for the effect of temperature and soil moisture 
condition. In STUMOD, the first-order maximum denitrification rate was replaced by a Monod-
kinetic term (User’s Guide, Section 1.3.5). The Monod-kinetic term is then multiplied by the 
temperature and soil moisture dependency functions ft and fsw to adjust for the effect of these 
factors on the reaction rate as defined in DRAINMOD equations. An exponential depth function 
that describes the distribution of organic carbon (fz, Equation 2.1.4-1), was not incorporated in 
STUMOD because of the complexity of the function with depth (dependent on nitrogen 
transformation, oxygen availability, carbon form, etc.) and insufficient data to model this process 
in the STU.  

2.2.2 Parameter Sensitivity Analysis 
A sensitivity analysis indicates which input parameters are critical to and which 

parameters have less influence on the final model output. This process allows evaluation of 
which model inputs are most important based on the greatest impact to a prediction. Ultimately 
this information allows the user to understand and focus on the parameters that will have the 
most affect on STU performance and to understand how potentially small changes in the 
parameter may produce a wide range of model outputs.   

An automated sensitivity analysis tool was developed for the analysis of multiple 
STUMOD input parameters. One input parameter was selected and its value randomly picked 
from a distribution of the input parameter values (e.g., values obtained from a literature search) 
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while all other input parameters were held at their base case value. STUMOD was run several 
times with continued random selection of the input parameter value to produce a corresponding 
output distribution based on that particular input parameter. The process was then repeated for 
the other input parameters producing output distributions for each input parameter. To perform 
this sensitivity analysis the input parameters must be selected from either a uniform or normal 
distribution of parameter values. For a uniform distribution, the specified minimum, maximum, 
and base case values for each input parameter are required. For a normal distribution, the mean 
and standard deviation values for each input parameter are required. The standard deviation of 
each output distribution was then compared and used as an indicator of the sensitivity of the 
output to the variability of the input parameter. For the purpose of comparison, a ratio of the 
standard deviation of each parameter to the maximum standard deviation was calculated for each 
parameter. Thus, the ratio varies from 0 to 1 and reflects the sensitivity of a parameter relative to 
the parameter with the highest sensitivity.  

The analysis for STUMOD input parameters was conducted for two different scenarios; 
one with ammonium-nitrogen effluent input and another with nitrate-nitrogen effluent input 
(assuming ammonium was completely nitrified before applied to STU). From these scenarios, 
the sensitivity of different outputs (soil moisture content, ammonium-nitrogen concentration, and 
fraction removed [C/Co]) was evaluated. The soil moisture content was sensitive to identical sets 
of parameters regardless of the effluent type (Figure 2-15). Parameters relevant for ammonium 
concentration are shown in Figure 2-16 and Figures 2-17 and 2-18 show the sensitivity results 
for STE or nitrified effluent applied to STU, respectively. These graphs show that the fraction of 
nitrogen removed (C/Co) is sensitive to a similar set of parameters; however, the order or level of 
importance was different. It is not surprising that for the case of STE (ammonium-nitrogen 
effluent), the model output is most sensitive to each of the parameters in the nitrification process 
(Figure 2-16) with the most sensitive (i.e., important) parameter being the maximum nitrification 
rate.  

 
Figure 2-15. Sensitivity of Soil Moisture Content to Input Parameters. 
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Figure 2-16. Sensitivity of Ammonium-nitrogen Concentration to Input Parameters (STE). 

 

 

 
Figure 2-17. Sensitivity of Fraction Nitrogen Removed to Input Parameters (STE). 

 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Toolkit User’s Guide 
 

2-29 

 
Figure 2-18. Sensitivity of Fraction Nitrogen Removed to Input Parameters (nitrified effluent). 

 

2.2.2.1 Uncertainty Analysis using Monte Carlo Approach 
Monte Carlo simulation was used to quantify of the uncertainty of model outcome in 

STUMOD. The model was executed many times with the input parameter values randomly 
generated from ranges of values. By statistically analyzing thousands of model output results, the 
probability of realizing one particular outcome (concentration at a particular depth relative to 
effluent concentration [C/Co]) was quantified. For this analysis a visual basic code was added to 
STUMOD to allow Monte Carlo simulation. The code allowed random number generation of 
multiple input parameters across user-specified ranges or from the distribution of the input 
parameters. The resulting model output can be viewed in a probabilistic framework allowing the 
user to determine which percentiles and outcomes are acceptable or unacceptable, or which 
outcomes represent “best,” and “worst” cases. Rather than a single output that may or may not be 
accurate, this approach gives the probability of realizing any one specific outcome, based on the 
cumulative uncertainty of all model input parameters. The probability of realizing C/Co values 
was calculated for different soil depths (15, 30 and 60 cm), four different soil temperature zones 
(hyperthermic, thermic, mesic, and frigid/cryic), and 12 soil textures for two scenarios:  1) STE 
represented as 60 mg-N L-1 of ammonium, and 2) nitrified effluent represented as 15 mg-N L-1 of 
nitrate. In general, for both effluent qualities, higher C/Co values (i.e., fraction of nitrogen 
remaining) were typical at shallow depths and less frequent under high soil temperature zones 
and clayey soil textures.  

Results of these Monte Carlo simulations illustrate the differences in the cumulative 
probability of C/Co values. The cumulative probability graphs are presented in a separate 
supplemental file “Visual-Graphic Tools”. 

2.2.3 Benchmarking of STUMOD and HYDRUS 
STUMOD was compared with HYDRUS-2D for the conditions summarized in Table 2-7. 

The hydraulic data was obtained from Rossetta soil database (Schaap et al., 2001). The effect of 
soil moisture and temperature was considered, but not the effect of carbon content. 
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Table 2-7. Summary of Conditions for Comparison of STUMOD and HYDRUS-2D. 

Test Soil type Hydraulic 
Data 

Nitrification  
Rate 

Denitrification 
Rates 

Effect of  
Moisture 

Effect of 
Temp. 

Effect of 
Carbon 

2 silt Rosetta 56 mg L-1 d 2.58 mg L-1 d yes yes no 
3 silty loam Rosetta 56 mg L-1 d 3.32 mg L-1 d yes yes no 
6 sandy loam Rosetta 56 mg L-1 d 3.32 mg L-1 d yes yes no 

 

The actual soil temperature was set to 15°C and the rate was then adjusted using the 
DRAINMOD temperature function. The optimum temperature was assumed to be 25°C (Figure 
2-7). Because the rates are used for comparative purpose only, the actual rates used did not affect 
the results of this comparison. STUMOD and HYDRUS-2D were compared for removal rates 
(C/Co). In summary, STUMOD and HYDRUS results matched well under the different 
conditions as shown in Table 2-8 and Figures 2-19, 2-20 and 2-21.  

Table 2-8. Denitrification Rates used During Benchmarking of STUMOD and HYDRUS-2D. 

Denitrification Condition 25°C (mg L-1·d-1) 15°C (mg L-1·d-1) 
sand silt sand silt 

Low 0.9 0.074 0.45 0.037 
Best 6.06 13.9 3.03 6.95 
High 74.44 88.64 37.22 44.32 

 

 
Figure 2-19. Benchmarking Results for Sandy Loam at 15°C. 
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Figure 2-20. Benchmarking Results for Silty Loam at 15°C. 

 

 
Figure 2-21. Benchmarking Results for Silt at 15°C. 

 

STUMOD is a simple to use model, but has several parameters (both for hydraulics and 
nutrient transformation) providing flexibility for calibration with observed data. The comparison 
between HYDRUS and STUMOD showed that STUMOD easily matched HYDRUS. The two 
models use identical parameters for hydraulics and nutrient transformation. Thus, the hydraulic 
parameters were set to same value based on Rosetta database. HYDRUS uses numerical solution 
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for hydraulics while an analytical solution is used in STUMOD. Gardner’s alpha (αG) is used in 
STUMOD in the analytical solution for pressure head (parameter not used in HYDRUS-2D), 
however this parameter is not very sensitive. Typically, αG is about 0.01 cm-1, and the range of 
values 0.05 to 0.002 cm-1 seem likely to cover most applications (Philip, 1969). STUMOD and 
HYDRUS gave a better fit when αG was set to recommended value of 0.01 or below. STUMOD 
and HYDRUS also gave a better fit when m was set to a value close to 1-1/n. It is important to 
note that the fit between STUMOD and HYDRUS was very sensitive to this parameter with 
minor adjustment from the 1-1/n improving the fit. Another important parameter was the Van 
Genuchten αVG. To get a good fit between HYDRUS and STUMOD, it is preferred that this 
parameter is set to a lower value. Values close to 0.01 were good for sandy soils and for silt and 
clay soils a value less than 0.01 should be used.  

2.2.4 STUMOD Calibration 
After STUMOD was benchmarked against HYDRUS, STUMOD was calibrated to 

ensure that the model outputs matched actual observed data. STUMOD was calibrated using data 
from laboratory tests and field test sites where extensive monitoring was conducted that is not 
feasible in practice. However, data for model calibration is very limited and a rigorous 
calibration could not be conducted. Rather, reported operational conditions (HLR, effluent 
quality, soil texture, and depth) were entered into STUMOD and the % removal estimated by 
STUMOD was compared to the observed values. Default model parameters provided in 
STUMOD were used based on the soil texture. 

Numerous investigations on fate of nitrogen in STUs have shown that the percent 
removal is quite variable, even for sites that appear to have similar conditions. The effects of 
dispersion, dilution, spatial variability in soil properties, wastewater infiltration rates, and 
temperature impacts are few of the factors that attribute to this variability in removal rates (Otis, 
2007). For example, laboratory column studies reported total nitrogen removal ranging from 
<1 to 84% under varied HLRs (5 to 215 cm d-1) and influent concentrations (16 to 74 mg-N L-1). 
In field studies performed on OWTSs installed in sandy soil, estimates of total nitrogen removal 
in ranged from 0 to 94% (Otis, 2007).  

Results for the STUMOD calibration are shown in Table 2-9 including the operational 
conditions and the measured and estimated total nitrogen removals for different soils. In the 
process of identifying the inputs shown in Table 2-9, STUMOD removal rates were 
simultaneously evaluated for consistency in removal rates and trends among soil types reported 
in the literature for varying HLRs and effluent concentrations. The results show that STUMOD 
predictions are similar to measured values. It is useful to note that the outputs are good first 
estimates of removal rates under different conditions. However, further adjustments can be made 
to STUMOD input parameters to match measured data (when/if available) or to reflect actual 
field observations. For example, the denitrification rate was adjusted for data reported by Tackett 
(2004) which resulted in an improved STUMOD estimated percent removal from 38% to 44% 
(observed value = 43% removal). 
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Table 2-9. Comparison of STUMOD Estimated Nitrogen Removal to Reported Measured Data. 

Soil Texture HLR 
(cm d-1) 

Effluent 
Conc. 

(mg-N L-1) 
Depth 
(cm) 

Measured 
(% removal) 

STUMOD 
(% removal) 

Experimental 
Setting Reference 

Sand 4.0 48.0 38 0.8 2.6 Laboratory Potts et al., 2004 
Sand 7.0 60.0 60 10.0 6.5 Laboratory Beach, 2001 
Sand 8.4 57 90 5.0 5.0 Laboratory Van Cuyk et al., 2001 
Sand 8.4 57 60 6.0 4.0 Laboratory Van Cuyk et al., 2001 
Sand 5.0 57 90 11.0 7.0 Laboratory Van Cuyk et al., 2001 
Sand 5.0 57 60 3.0 5.0 Laboratory Van Cuyk et al., 2001 
Sandy loam 2.16 61.3 61 36.0 21.0 Field Andreoli et al., 1979 
Sandy loam 2.16 61.3 122 38.0 62.0 Field Andreoli et al., 1979 
Sandy loam 4.0 82.3 60 43.3 37.7b, 43.7c Field Tackett, 2004 
Sandy loam 2.0 14a 60 87.74 86.8 Field Conn et al., 2009 
Sandy loam 2.0 14 a 120 99.37 100.0 Field Conn et al., 2009 
Sandy loam 2.0 14 a 240 90.57 99.8 Field Conn et al., 2009 
Sandy loam 8.0 14 a 60 69.5 68.7 Field Conn et al., 2009 
Loamy sand 1.2 44.25 170 97.0 98.0 Field Cogger and Carlile, 1984 
Sandy clay loam 2.9 47.5 170 98.0 100.0 Field Cogger and Carlile, 1984 
Sandy clay loam 4.1 43.5 170 93.0 98.0 Field Cogger and Carlile, 1984 
Clay 0.4 44.25 170 97.0 100.0 Field Cogger and Carlile, 1984 
Clay 0.4 44.25 170 98.0 100.0 Field Cogger and Carlile, 1984 
Clay 1.0 44.25 170 98.0 99.0 Field Cogger and Carlile, 1984 
Clay 3.7 31.1 60 99.3 99.8 Field Radcliffe unpublishedd 
Clay 3.7 31.1 90 99.9 99.9 Field Radcliffe unpublishedd 

a  Nitrified effluent as nitrate = 14 mg-NO3 L-1. 
b  Denitrification rate = 2.58 mg L-1 d-1; default value provided in STUMOD. 
c  Denitrification rate = 3 mg L-1 d-1; input parameter adjusted from default value. 
d  Data from field testing, see User’s Guide, Appendix C. 

 

Both the measured data and STUMOD output show a relatively higher removal in clayey 
soils compared to sandy soils. Long (1995) reviewed studies of nitrogen transformation in STUs 
to develop a methodology for predicting nitrogen loading to the environment. Long (1995) 
indicated that STUs remove 23-100 % of the nitrogen and correlated greater removals with finer 
grained soils because anoxic conditions would be achieved more frequently, which would also 
preserve available organic carbon for denitrification. 

In addition, for most soil STUMOD predicted ammonium conversion to nitrate within the 
first foot below the trench infiltrative surface (based on input data given in Table 2-6). STUMOD 
results showed that ammonium persisted relatively deeper below the trench in finer soils due to 
low nitrification rates caused by high predicted water content. These model output results agree 
with studies described in the literature. For example, studies conducted on nitrogen attenuation 
and transformation in soils showed that most ammonium present in wastewater is oxidized quite 
readily, and that nitrate is the dominant nitrogen species in soil pore water within few tens of cm 
below the STE infiltrative surface (Walker et al., 1973b; Kristiansen, 1981; Cogger et al, 1988; 
Fischer, 1999).  

 

2.3 N-CALC – Description and Development 
N-CALC is a spreadsheet tool developed for calculating nitrogen removal in STUs. It is 

simple to use while still including relevant removal processes such as adsorption, nitrification 
and denitrification. The input parameters are effluent concentration, HLR, porosity, and soil 
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depth with calibration parameters for nutrient transformation (sorption, nitrification and 
denitrification rates) (Table 2-10). The chemical transport component is based on advective 
transport only, without consideration of dispersion and diffusion. Similar to STUMOD, all 
computations are made for steady state conditions and effluent concentrations can be as 
ammonium-nitrogen and/or nitrate-nitrogen. If the nitrogen in the effluent is in the form of 
ammonium, then nitrogen is removed through adsorption, nitrification and denitrification. If the 
nitrogen in the effluent is only in the form of nitrate, then nitrogen is removed through 
denitrification. Users can choose any of the 12 soil textures based on USDA textural 
classification (User’s Guide, Appendix A, Figure A-1). Default input values are provided based 
on literature values; however, users with sufficient knowledge of the site of interest can manually 
input values. The user interface displays the model output as ammonium-nitrogen, nitrate-
nitrogen, total nitrogen and mass flux values at a user input soil depth (D) and at half the 
maximum simulation depth (D/2). N-CALC also produces concentration profiles for ammonium-
nitrogen, nitrate-nitrogen, and total nitrogen. 

Table 2-10. N-CALC Input Parameters. 

Parameter Units Definition 
Hydraulic Parameters 

HLR  cm d-1 Hydraulic loading rate 
n - Porosity 

Soil Parameters 
D cm Soil depth 
ρ kg L-1 Soil bulk density 

Effluent Quality Parameters 
Co-NH4 mg-N L-1 Effluent ammonium-nitrogen concentration 
Co-NO3 mg-N L-1 Effluent nitrate-nitrogen concentration 

Nitrification/Denitrification Parameters 
Kr-nit  mg-N L-1 d-1 Maximum nitrification rate 
V-dnt mg-N L-1 d-1 Maximum denitrification rate 

Ammonium Sorption Parameters 
kd L kg-1 Adsorption Isotherm 
fr - Fraction of ammonium-nitrogen that remains sorbed on soil, calibration parameter (0 to 1) 

 

Chemicals can be removed in the vadose zone through biodegradation, sorption or 
reaction. The approach is based on simplification of the general advection dispersion equation. 
The source of ammonium-nitrogen is effluent, while the source of nitrate-nitrogen could be 
ammonium-nitrogen nitrified to nitrate-nitrogen in the effluent, in the STU or both. An 
exponential decay function is used in N-CALC for both ammonium and nitrate. 
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where C is the concentration of the dissolved constituent at a given soil depth (z), C0 is 
the initial concentration in the effluent, vz is the vertical water velocity, Kr is first order reaction 
rate (nitrification or denitrification rate) and R is the retardation factor. The retardation factor (R) 
is the same as given by Equation 2.2.1.2-2. Default values are included in N-CALC for each soil 
texture based on literature. However, the user can input values that are appropriate to their site. 

A constant seepage velocity (vz) is used in N-CALC in the exponential decay function 
(Equation 2.3-1). The seepage velocity is computed by dividing the HLR by the porosity. By 
excluding the water filled porosity, the residence time in a given layer is overestimated. For clay 
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type soils and high loading the water filled porosity is close to 1 and the error is minimal. 
However, for sandy soils and low loading rates the seepage velocity may be overestimated. 
Consequently, the velocity in sand is higher than in clay, resulting in a lower removal fraction for 
a given depth in sand. The user can make minor adjustments in the porosity to account for this 
overestimation of seepage velocity at low loading rates. An elemental depth (Δz) is used. To 
predict the steady state concentration profile, the calculation is started from the top layer where 
Co is known (e.g., STE). The calculated concentration from the bottom of the first layer is then 
used as the new Co value for the second layer and so forth.  

Nitrification and denitrification rates depend on the degree of saturation. An unsaturated 
zone is typically present under the biomat in STUs, and the degree of saturation is expected to 
vary based on soil texture, with a relatively higher degree of saturation in clay soils than in sandy 
soils. Some models use maximum rates (identical rates regardless of soil texture) and calculate 
actual rates based on soil moisture profile (e.g., STUMOD). However, in N-CALC actual rates 
are used instead of maximum rates based on the median first order nitrification / denitrification 
rates found in (McCray et al., 2005). 

N-CALC was compared with STUMOD to qualitatively check the reasonableness of N-
CALC output estimations. For this comparison it was assumed that nitrification occurs in the 
first 30 cm of soil below a STU, provided the water table is not present and unsaturated 
conditions exist (Brown, 2003) and N-CALC should be able to achieve this for a reasonable 
range of input parameters values such as nitrification, sorption and denitrification rates. The 
range of input nitrification rates was based on the CFD developed by McCray et al. (2005) for 
first order nitrification rates based on reported literature values ranging from 0.0768 to 211 d-1, 
with a median rate of 2.9 d-1 (Figure 2-22). Complete conversion of ammonium-nitrogen to 
nitrate-nitrogen occurred within a depth range of 10 to 40 cm occurred using N-CALC and first 
order rates ranging from 0.15 d-1 (for clayey soils) to 1.0 d-1 (for sandy soils). These results are in 
agreement with the ammonium conversion rates obtained using STUMOD and zero order 
nitrification rates (note that the zero order nitrification rates used in STUMOD were obtained 
based on literature values as described in Section 3.2.3.1 of this User’s Guide). 

The first order denitrification rates were adjusted in N-CALC to yield an identical 
fraction removal with depth (C/Co vs. depth) obtained using the zero order denitrification rates in 
STUMOD at a depth of 60 cm. These input denitrification rates ranged from 0.004 d-1 (for sandy 
soils) to 0.9 d-1 (for clayey soils), with a median rate of 0.025 (d-1). Relatively higher rates were 
used for clayey soils compared to sandy soils to reflect the relatively high degree of saturation in 
clays. Again, these input parameters are in agreement with reported literature values, which show 
that actual rates are higher for clayey soils (Tucholke et al., 2007). N-CALC with first order 
denitrification rates produced identical results with STUMOD using zero order rates that were 
again within the range reported by McCray et al. (2005) (Figure 2-23).  
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Figure 2-22. First Order Nitrification Rates Reported in the Literature (adapted from McCray et al., 2005). 

 

 
Figure 2-23. First Order Denitrification Rates Reported in the Literature (adapted from McCray et al., 2005). 

 

Ammonium sorption (Kd) values used in N-CALC are the same as those used in 
STUMOD. As with other parameters, representative sorption values are provided as default 
values for each soil texture. However, users can input values appropriate to their specific site 
conditions or adjust the parameters if observed data on concentration of ammonium-nitrogen and 
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nitrate-nitrogen is available. It is up to the user of the model to estimate the most appropriate rate 
for their site conditions. 

N-CALC output graphs illustrate the nitrogen concentration at the centerline of a trench 
(Figure 2-24), the fraction of nitrogen remaining with depth (Figure 2-25) and mass flux (Figure 
2-26). Mass flux (mass/area/day) is calculated in N-CALC as a product of the centerline 
concentration and HLR. If a 1-D model is used to calculate the center line mass flux based on the 
centerline concentration for some trench cross-sectional area and relatively high flow rates, the 
mass flux will be overestimated and of course, provide a very conservative estimate. Since N-
CALC is in one dimension (i.e., output is the centerline concentration), a vertical plane below the 
trench must be extrapolated to estimate mass flux. To account for this, the concentration and 
flow rates were assumed to decline uniformly from the maximum value at the centerline to zero 
at the trench boundary. This assumption is based on field observations as well as 2-D model 
simulations. This assumption leads to the estimation of the center of mass of the plume to be one 
third of the distance from the centerline to the “zero” concentration. This in turn yields a two 
thirds of the centerline concentration and water flux based on geometry. Thus, within N-CALC, 
concentration and loading rate values at a distance one-third the trench width away from the 
centerline were used and the mass flux is calculated as a product of two-thirds of the 
concentration (Figures 2-24, 2-25, and 2-26).  
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Figure 2-24. Example Concentration Profile for Ammonium (NH4-N), Nitrate (NO3-N) and 

Total Nitrogen (TN) using N-CALC. 
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Figure 2-25. Example Removal Efficiency of Total Nitrogen Using N-CALC. 
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Figure 2-26. Example Mass Flux Prediction with Depth for Ammonium (NH4-N), Nitrate (NO3-N), and 

Total Nitrogen (TN) using N-CALC. 

 

2.4 Scenario Development using HYDRUS 
For toolkit users who do not wish to implement a complex model to assess the impacts of 

these conditions on STU performance, a series of different “scenarios” were simulated using 
HYDRUS-2D with model outputs for generated for subsurface nitrogen concentrations, spatial 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Toolkit User’s Guide 
 

2-39 

treatment distributions, and mass-flux below a specified boundary illustrated. These qualitative 
scenario illustrations show the power of a numerical model, as well as provide some end-
member treatment evaluations for the selected scenarios.  

2.4.1 Trench Systems 
The trench model domain was a planar-two-dimensional domain. It included two half-

trenches (rather than one central trench) to better visually understand a possible water and solute 
overlap between two adjacent trenches. The domain geometry (Figure 2-27) considers a system 
with two 60 cm (2 feet) wide trenches that are 30 cm (1 foot) deep, with 30 cm of overburden 
and six feet of trench spacing. The bottom boundary of the domain is 3 feet below the infiltration 
surface, and is considered a “free-flow” boundary condition, which represents a deep water table. 
Three different “materials” are included in the domain:  “gravel” (filling the trenches), “native 
soil” (surrounding the trenches) and a “biomat” (a 2 cm thick zone at the bottom of the 
infiltrative surface, extending 5 cm up the trench sidewall). The “biomat” was assigned hydraulic 
properties similar to those of the native soil, yet with a reduced hydraulic conductivity.  

 
Figure 2-27. Three-Dimensional Visualization of the Two-Dimensional Trench Model. 

The 2D-planar section represents the model domain boundaries. 

 

The flow across the discharging pipe was assumed as constant which was equal to a 2 cm 
d-1 HLR. While a HLR of 2 cm d-1 may be low for sandy soils, it was important to maintain a 
constant loading rate for the different soils to enable suitable comparison. The mass flux across a 
certain depth in HYDRUS-2D is given in units of mass-N per unit-length, which is a result of the 
two-dimensional setup. The cumulative water flux across a boundary in a two-dimensional 
model has units of area (e.g., cm2). However, the concentration is still calculated as mass of 
solute over a volume (e.g., μg-N cm-3). Mass flux is typically calculated as the concentration 
times the volume across a certain boundary. The resulting mass flux in a two-dimensional model 
thus has units of mass per length (e.g., μg-N cm-1) as shown in Equation 2.4.1-1:  
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Because this type of expression is not very intuitive, the resulting mass flux was thus 
multiplied by another length unit representing a third dimension, which conceptually extends 
from the screen towards/away from the observer. The chosen length unit was 1 meter, which 
means the mass flux across the 30 cm plane and the domain’s bottom boundary is calculated for 
a trench that is 60 cm wide and 1 meter long. To achieve an expected mass flux for an entire 
system, the provided mass flux has to be multiplied by the total length of the trenches in the 
system (in meters). The result and domain “snapshots” (i.e., scenario illustrations) represent 
steady-state conditions. The criteria for steady-state were a constant flux of each of the nitrogen 
species across the lower boundary, as well as a steady visual output.  

2.4.2 Drip Systems 
The drip model structure consists of a two-dimensional axi-symmetrical domain. In an 

axi-symmetrical domain, the flow out of a point source is calculated as if it is discharged into a 
three-dimensional space, using radial flow equations, yet the display given is of a two-
dimensional vertical plane (Figure 2-28).  

 

 
Figure 2-28. Representation of Axi-Symmetrical Domain as Used in the Drip Simulations. 

The dark rectangle represents the domain boundaries. 
The black narrow cylinder shows the conceptual location of a typical low-flow irrigation pipe. 
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Most drip systems today are equipped with orifices in the emitters, which are self 
cleaning and dictate a constant flow rate over a wide range of intra-pipe pressures. The 
manufacturer specifies this emitter rate of 0.64 to 0.68 mL sec-1 (0.61 to 0.65 gal hr-1) (+/- 5% at 
psi from 7 to 60 psi) with suggested loading rates to the soil of 2.5 to 7.4 L m-1 d-1 (0.2 to 0.6 gal 
linear foot (LF)-1 d-1). The actual loading rate to the soil is then balanced between the frequency 
of dosing, duration of dose, and tubing length (i.e., number of zones and individual zone length). 
Typically drip dispersal systems receive four doses per zone per day at standard run times from 
4.5 to 15.5 min. To ensure equalized dosing between all emitters, the frequency and duration of 
dosing is also dependent on the volume of tubing length (0.16 L m-1 = 0.013 gal LF-1), which 
provides dosing under predominantly pressurized conditions. For the scenario simulations, a total 
of 183 m (600 ft) of tubing receiving a system flow rate of ~1500 L d-1 (400 gal d-1) was 
assumed. So, a 183 m zone has a volume of 29.5 L (7.8 gallons) and 300 emitters. Thus, a “low” 
dose of three times the tubing volume would result in a rate of 0.30 L (0.078 gal) emitter-1 dose-1 
and a “high” dose of eight times the tubing volume would result in a rate of 0.79 L (0.208 gal) 
emitter-1 dose-1. 

Based on these operating assumptions and constraints, for a low permeable soil such as 
clay, the recommended dose would be three times the tubing volume, which is 88.6 L (23.4 
gallons) per dose cycle (0.30 L emitter-1 dose-1). For a daily flow of 1500 L of STE to the STU, 
17 doses d-1 are required. For a two-zone system, that is 8.5 doses d-1 = 4.1 L m-1 (0.33 gallons 
LF-1) of the zone and for a four-zone system, that is 4.25 doses d-1 = 2.1 L m-1 (0.166 gallons LF-

1) of the zone. For a sandy soil, the recommended dose would be as high as eight times the 
tubing volume, which is 236 L (62.4 gallons) per dose cycle (0.79 L emitter-1 dose-1). Again, for 
a daily flow of 1500 L of STE to the STU, 6.4 doses d-1 = 8.3 L m-1 (0.67 gallons LF-1) of the 
zone are required. For a two-zone system, that is 3.2 doses d-1 = 4.1 L m-1 of the zone and for a 
four-zone system, that is 4.25 doses d-1 = 2.1 L m-1 of the zone. All of these operating conditions 
are within typical recommendations from the manufacturers. 

All scenario simulations included a constant flow rate into the soil, with varying dosing 
durations to demonstrate the effect of lower and higher loading rates on nitrogen removal. The 
different scenarios included the combined effect of varying dosing times (seven minutes versus 
19 minutes, five doses per day), soil texture (sand, sandy loam, and silty clay) and effluent 
quality (STE represented as 60 mg-N L-1 of ammonium and 1 mg-N L-1 of nitrate; and nitrified 
effluent represented as 15 mg-N L-1 of nitrate). An exception was made for silty-clay soils, 
where long pulses of effluent are not possible because of the low hydraulic conductivity of the 
soil. Due to this constriction, a high loading rate was implemented as 10 doses per day, each 
lasting seven minutes.  

The domain geometry placed the emitter 15 cm (~6 inches) below the ground level, and 
the bottom limit of the domain at 60 cm (~2 feet) below the emitter. The width of the domain 
was 30 cm (~1 foot), which is a typical halfway distance between two emitters. The bottom 
boundary condition, at 60 cm below the emitter, was set to a constant-head of 0 cm; thus 
establishing the bottom boundary as the groundwater level in the model. Furthermore, each drip 
simulation was coupled with an assumed plant uptake. The choice of plant was turfgrass, being 
the typical “back yard” vegetation in many homes. Several fitting parameters are associated with 
plant uptake, including the potential evapotranspiration (ET) rate, the water stress function, and 
the root distribution with depth.  
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The potential ET rate for any crop depends on climate conditions such as temperature, 
relative humidity, wind speed, sunshine intensity, sunshine duration etc. (Bastug and Buyuktas, 
2003). Turfgrass is quite unique in the sense that it almost uniformly covers the soil surface. 
Also, different types of turfgrass respond differently to different conditions. For example, warm-
season turfgrass has greater water conservation power than cold-season turfgrass (Bastug and 
Buyuktas, 2003). However, several sources show that a rate of 5 mm d-1 is a generally acceptable 
daily ET rate for turfgrass (Kneebone et al., 1992; Beard, 1994; Bastug and Buyuktas, 2003). For 
more information regarding ET rates the user is referred to other source such as Huang and Fry 
(1999). 

The plant uptake water stress function describes the actual plant water uptake based on 
the pressure potential or water content in the soil. Different function-shapes are used by different 
researchers, and both curves suggested by Feddes et al. (1978) and van Genuchten (1985) are 
implemented into HYDRUS-2D. HYDRUS-2D also contains a database of suggested values for 
parameterization of the Feddes root-uptake water-stress function, and default values for turfgrass 
were used in our simulations along with the “Feddes” function. The same parameters were used 
for all soil textures, except for the wilting-point pressure-head, which was adjusted to a lower 
value for pure sand, as recommended by the HYDRUS-2D manual. The water stress functions 
are plotted in Figure 2-29. 

 
Figure 2-29. Graphical Representation of the Feddes Root-Uptake Water-Stress Function. 

 

Water uptake by turfgrass is also affected by the root distribution in the soil. In general, 
turfgrass rooting depths are fairly shallow, averaging around 30 cm (Wu, 1985; Beard and 
Green, 1994; Huang and Fry, 1999). The root density typically decreases from the soil surface to 
the lowest extent of root distribution. However, under subsurface drip irrigation the maximum 
root density is affected by the depth of the drip system (Vrugt et al., 2001), thus a root density 
profile with a maximum root density at 15 cm was selected for the simulated scenarios (Figure 
2-30). 
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Figure 2-30. Spatial Distribution of the Root Density in the Drip Simulations. 

The values in the legend are dimensionless, as they represent a density function (sum of root uptake distribution = 1). 

 

HYDRUS-2D allows the user to specify a maximum turfgrass root water uptake 
concentration. If a certain solute’s concentration in the root zone is higher than this threshold 
value, the simulated plant uptakes water as usual, but some solute mass is left behind in the soil. 
No values could be found in the literature for a maximum uptake concentration of nitrate-
nitrogen and ammonium-nitrogen, and therefore the maximum uptake concentration for both 
solutes was set to the highest expected solute concentration during the simulation (60 mg-N L-1).  

2.4.3 Calculating Nitrogen Removal 
The percent nitrogen removal was calculated by dividing the daily mass flux over the 

bottom boundary (or 30 cm depth) by the daily input into the system at steady-state conditions as 
shown in Equation 2.4.3-1: 

100
converted Masseffluentin  Mass

boundary bottom across Mass1Removal% ×
+

−=  (2.4.3-1) 

where the numerator is the daily mass flux across the bottom boundary or 30 cm depth, 
“Mass in effluent” is the daily mass flux from the pipe into the domain, and the “Mass 
converted” is the daily addition of a solute to the system due to a reaction (relevant for nitrate-
nitrogen only). In this context, it is important to note some bias in the calculation of nitrate-
nitrogen removal; the HYDRUS output for mass introduced as a reaction daughter product is 
calculated for the entire domain. Therefore, it could not be distinguished between nitrate-
nitrogen emerging as a transformation product above the 30 cm depth and below it. For some 
simulations, it has produced a largely skewed estimation of the amount of nitrate-nitrogen 
removed at 30 cm below the trench (for trench simulations) or emitter (for drip simulations). 
Where such a calculation resulted in a negative removal rate, the results were eliminated from 
the result sheets.  
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2.5 CW2D Model Development 
A two-dimensional HYDRUS (Šimůnek et al., 2006) model for the conventional gravel 

trench established at the UGA experimental site was developed (see Appendix C of this User’s 
Guide for full description of the test site and results). A finite element mesh that included the 
gravel space within the model domain was used (Figure 2-31). Half of the trench area was 
modeled assuming flow symmetry around the trench centerline axis. The soil surface was at the 
top of the model domain and the trench bottom was 72 cm below the soil surface. A variable flux 
boundary condition was applied at the perforated pipe circumference that produced a dose 3 
times a day. An atmospheric boundary condition was used at the surface that allowed a small 
rain during each dose (to introduce dissolved oxygen) and a low potential evaporation rate for 
the remainder of the day. The bottom boundary was a deep drainage condition appropriate for a 
deep water table. All other boundaries were no flux. Three soil layers with depths and hydraulic 
properties including saturated hydraulic conductivity (Ksat) measured at the UGA experimental 
site were included in the model (Figure 2-32). A biomat was not included in the model due to the 
short time the UGA test site had been in operation. 

 

 
                          Figure 2-31. Finite Element Mesh for HYDRUS Model (dimensions in cm). 

 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Toolkit User’s Guide 
 

2-45 

 
Figure 2-32. Soil Layers in HYDRUS Model: clay Bt1 horizon (blue, Ksat = 1.4 cm d-1), sandy clay Bt2 horizon (turquoise, 

Ksat = 1.1 cm d-1), clay loam BC horizon (green, Ksat = 0.05 cm d-1), and gravel trench (red, Ksat = 1000 cm d-1). 

 

To model nitrogen fate and transport, the constructed wetlands two-dimensional option 
(Langergraber and Šimůnek, 2005) in HYDRUS was used. This code is a multi-component 
reactive transport model that simulates 12 components and 9 processes; thus making it a more 
robust model to use based on nitrogen removal processes. Three microbe populations are 
simulated: heterotrophic microorganisms, Nitrosomonas, and Nitrobacter. Concentrations of 
nitrogen (ammonium, nitrite, nitrate, dinitrogen), dissolved oxygen, and three forms of organic 
matter are predicted. It was assumed that the nitrogen entering the trench consisted entirely of 
ammonium at a concentration of 60 mg-N L-1. 

The model was run for 100 days. The distribution of pressure heads at the end of the 
model run is shown in Figure 2-33. Pressure heads were in the range of negative 20 to positive 
10 cm in the region around the trench, which is similar to the range measured at the UGA 
experimental site (User’s Guide, Appendix C, Figure C-5). The most positive values occurred 
immediately below the trench. 
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Figure 2-33. Pressure heads in cm predicted by the HYDRUS model after 100 days. 

 

2.5.1 Discussion 
Predicted concentrations of nitrate-nitrogen after 100 days are shown in Figure 2-34. 

Nitrate-nitrogen was present only within the trench. Ammonium-nitrogen in solution was only 
present in a band immediately below the trench (Figure 2-35). Adsorbed ammonium-nitrogen 
(not shown) was present in a band similar to that in Figure 2-35. These results indicate that in the 
model most of the ammonium-nitrogen was rapidly converted to nitrate-nitrogen within the 
trench. The ammonium-nitrogen that was not converted in the trench, sorbed to the soil in a 
narrow zone below the trench and this sorbed ammonium-nitrogen maintained elevated 
concentrations in this zone. The reason why nitrate-nitrogen did not appear outside of the trench 
was because it was rapidly converted to dinitrogen gas (N2) through denitrification. This was 
shown by the predicted distribution of N2 in Figure 2-36. Elevated concentrations occurred in the 
trench and surrounding the trench indicating denitrification was occurring in these areas.  

Overall, the model predictions of nitrogen seemed to overestimate the denitrification 
observed in the UGA experimental site soil. It may be possible to adjust parameter values in the 
wetlands option in HYDRUS to get a model that is adequate for OWTS. For example the growth 
and lysis rates for the different microbial populations may need adjusting. The current values 
were developed for a constructed wetland and appropriate values for an OWTS trench and 
surrounding soil might be different. 
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Figure 2-34. Nitrate-Nitrogen Concentrations in mg-N L-1 Predicted by HYDRUS After 100 days. 

 

 

 
Figure 2-35. Ammonium Concentrations in mg-N L-1 Predicted by HYDRUS After 100 days. 
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Figure 2-36. Dinitrogen Gas Concentrations in mg-N L-1 Predicted by HYDRUS After 100 days. 

 

2.5.2 Conclusions 
The literature review of models for OWTSs indicated that there is no state-of-the-art 

model available for modeling nitrogen in OWTSs, but some existing models might be modified 
to simulate these processes. Denitrification and the soil and moisture conditions under which it 
would occur is a critical question in modeling nitrogen. The CW2D model accurately predicted 
water movement and pressure heads, but underestimated nitrate-nitrogen concentrations in the 
soil as observed at the UGA experimental site. While it may be possible to adjust the model 
processes to produce a state-of-the-art OWTS model for water and nitrogen movement, the 
difficulty in obtaining a unique calibration and insufficient available information to parameterize 
the model precluded further use for tool development in this project. 
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CHAPTER 3.0 
 

GUIDE FOR PARAMETER SELECTION 
 

 

The tools within the toolkit were developed to help the user decide if the uncertainty in 
STU performance is acceptable based on the specific target goals. In some cases, the tools may 
suggest that additional information be collected to assess the expected STU performance with 
more confidence. In this manner, the user can make better-informed decisions that account for 
the uncertainty in the treatment predictions as well as the stakeholders’ collective willingness to 
accept or deny risk under some level of uncertainty.  

A protocol, in the form of a series of flow charts is provided in the Guidance Manual 
(Chapter 3.0) to lead the user through the series of steps most often incurred during the design 
decision process. These flow diagrams not only identify important steps during the design 
process, but also reference look-up tables, CFDs and other information to support informed 
decision making. This supplemental information for parameter selection is presented in this 
chapter. A more experienced user may wish to start directly with nomograph and cumulative 
probability graph evaluation or begin using the spreadsheet tools, N-CALC or STUMOD.  

To aid in the compilation of the relevant information that is required and/or 
recommended in the decision diagrams prior to using the tools, an easy to use worksheet form 
was developed (User’s Guide, Appendix B). The worksheet guides the user to systematically 
gather the information presented in the Guidance Manual and Chapter 3.0 of this User’s Guide. 
A series of questions on the worksheet will guide the user to an appropriate look-up table and/or 
CFD where the relevant information can be obtained. Typically a choice will be made to either 
select a median value or use a more risk-based approach by selecting lower or higher values 
depending on expected site conditions, impact of parameter on performance, etc. Reference 
pages are provided where additional information on each topic can be attained.  

 

3.1 Parameters Relevant to Operational Conditions 
Key operational conditions include but are not limited to, gaining a clear understanding 

of the soil properties, effluent quality characteristics, the expected flows, and potential HLRs. A 
field assessment is generally necessary to obtain site-specific measurements of soil properties, 
such as texture, soil depth profile, and depth to groundwater. Additional information such as 
temperature, organic carbon content, pH, saturated hydrologic conductivity (Ksat), and soil 
moisture content may also be important for reducing the uncertainty in STU performance. While 
detailed information relevant to estimating operational conditions is presented here, the 
importance of a soil scientist or other qualified person to describe the soil should not be over 
looked. The information presented here is intended to aid in choosing the best possible 
simplifying assumptions for selection and use of tools presented in this toolkit rather than to 
estimate actual field conditions. Based on the identified treatment goals, the understanding of 
and certainty of key parameters such as field capacity, WFP, or soil depth profile is critical to the 
STU performance. 
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3.1.1 Soil Texture 
Soil texture describes the relative proportion of different grain sizes of mineral particles 

in a soil. Particles are grouped according to their size into what are called soil separates. These 
separates are typically named clay, silt, and sand. Soil textures are classified by the fractions of 
each soil separate (sand, silt, and clay) present in a soil. Classifications are typically named for 
the primary constituent particle size or a combination of the most abundant particles sizes, e.g., 
sandy clay or silty clay. A fourth term, loam, is used to describe a roughly equal concentration of 
sand, silt, and clay. The USDA defines twelve soil texture classifications which are represented 
by the relative fraction of soil separate on a triangle diagram. The USDA soil texture triangle is 
presented for reference in Appendix A, Figure A-1 of this User’s Guide. 

Soil texture is very important in a STU as it influences many other properties such as 
nitrogen transformations and ability to retain moisture. Generally speaking, sandy soils tend to 
be low in organic matter content and native fertility, low in ability to retain moisture and 
nutrients, low in cation exchange and buffer capacities, and highly permeable (i.e., they permit 
rapid movement of water and air). As the relative percentages of silt and/or clay particles become 
greater, properties of soils are increasingly affected. Finer-textured soils generally are more 
fertile, contain more organic matter, have higher cation exchange and buffer capacities, are better 
able to retain moisture and nutrients, and less permeable. Table 3-1 summarizes the relevant 
fraction of sand, silt and clay in USDA soil textural classes (STATSGO). 

Table 3-1. Average Sand/Silt/Clay Fractions for Soil Texture. 

Soil Texture % Sand % Silt % Clay 
Sand 92 5 3 

Loamy Sand 82 12 6 
Sandy Loam 58 32 10 

Sandy Clay Loam 17 70 13 
Loam 10 85 5 

Silt Loam 43 39 18 
Silt 58 15 27 

Sandy Clay 10 56 34 
Clay Loam 32 34 34 

Silty Clay Loam 52 6 42 
Silty Clay 6 47 47 

Clay 22 20 58 
 

It is important to note that because the tools in this toolkit evaluate STU performance, the 
tools highly dependent on soil specific properties. Thus, a soil scientist or other qualified person 
to describe the soil is often necessary to finalize OWTS design or to minimize the uncertainly of 
the tool outputs. In addition, more detailed information from an existing soils database may be 
adequate. These soil databases approximate soil textures between known data in order to develop 
generalized soils maps across the United States. A widely used database is the State Soil 
Geographic (STATSGO) database, with maps available for the entire United States. The 
STATSGO maps are produced by generalizing soil survey data; however, with a mapping scale 
of 1:250,000 they may be most appropriate for regional or watershed-scale planning or initial 
estimates during conceptual design. The Soil Survey Geographic (SSURGO) database has a 
mapping scale of 1:24,000 allowing it to be used on a local scale and for small watersheds. 
Although limited information is available in digital format, more data is becoming available 
every year. Both of these databases are managed by the NRCS and can be accessed at: 
www.soils.usda.gov. It must be understood that soil textures can (and do) vary significantly 
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within a relatively small area. It is up to the user to determine the level of accuracy required 
when estimating soil texture. 

To use the spreadsheet tools N-CALC or STUMOD or when using a numerical model, 
such as HYDRUS, additional hydraulic parameters are important including residual and 
saturated soil moisture (θr and θs respectively), nitrification and denitrification rates, or van 
Genuchten parameters (α and n). Each of the 12 specific USDA soils textures can be 
hydraulically characterized by the response of the soil saturation to changes in pressure head 
(“suction”), often referred to as “retention curves” when plotted as soil moisture versus pressure 
head. Each of these curves can then be expressed mathematically by, among others, a series of 
parameters refered to as the “van-Genuchten parameters”. Average retention curves for each 
USDA soil texture have been suggested by (Carsel and Parrish, 1988), and more recently by 
Schaap et al. (2001) based on averages of hundreds of measured retention characteristics. These 
relevant parameters are summarized in Table 3-2. The full chart from Schaap et al. (2001), with 
average values and standard deviations per soil texture, can be found at: 
http://www.ars.usda.gov/Services/docs.htm?docid=8953. 

Table 3-2. Summary of Soil Texture Hydraulic Properties (Schaap et al., 2001). 

Soil Texture Statistic θr (cm3 cm-3) θs (unitless) Ksat (cm d-1) α (cm-1) n (unitless) 
Sand Mean 0.053 0.375 642.980 0.0353 3.180 
 SD 0.029 0.055 477.784 0.0155 1.081 
Loamy Sand Mean 0.049 0.390 105.120 0.0347 1.747 
 SD 0.042 0.070 81.021 0.0229 0.539 
Sandy Loam Mean 0.039 0.387 38.250 0.0267 1.448 
 SD 0.054 0.085 29.875 0.0194 0.324 
Sandy Clay Loam Mean 0.063 0.384 13.190 0.0211 1.330 
 SD 0.078 0.061 11.328 0.0170 0.321 
Loam Mean 0.061 0.399 12.040 0.0111 1.474 
 SD 0.073 0.098 10.591 0.0090 0.382 
Silt Loam Mean 0.065 0.439 18.260 0.0051 1.663 
 SD 0.073 0.093 14.941 0.0037 0.458 
Silt Mean 0.050 0.489 43.740 0.0066 1.677 
 SD 0.041 0.078 20.244 0.0033 0.432 
Sandy Clay  Mean 0.117 0.385 11.350 0.0334 1.207 
 SD 0.114 0.046 9.888 0.0244 0.155 
Clay Loam Mean 0.079 0.442 8.180 0.0158 1.415 
 SD 0.076 0.079 7.515 0.0126 0.341 
Silty Clay Loam Mean 0.090 0.482 11.110 0.0084 1.520 
 SD 0.082 0.086 9.178 0.0062 0.393 
Silty Clay Mean 0.111 0.481 9.610 0.0162 1.321 
 SD 0.119 0.080 7.022 0.0125 0.271 
Clay Mean 0.098 0.459 14.750 0.0150 1.253 
 SD 0.107 0.079 12.976 0.0119 0.186 

 

For the most part, the average values listed in Table 3-2 are a good starting place for 
modeling movement of water and solutes in soils. Again it is important to understand that these 
are only suggested values. The accuracy and reliability of these average values are directly 
related to the amount of existing measurements (i.e., greater confidence is expected in the 
average value with more measurements). In the analysis by Schaap et al. (2001), 476 different 
measurements were used to compile a series of average values for the van Genuchten parameters 
of sandy loam soils, but only 6 measurements were available to calculate average van Genuchten 
parameters for soils defined as “silt”. Therefore, a site-specific investigation may be required to 
improve the accuracy of these parameters before conducting numerical simulations of a specific 

http://www.ars.usda.gov/Services/docs.htm?docid=8953�
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site. Moreover, the van Genuchten parameters do not take into account, in most cases, the 
structure of the soil (e.g., root channels, block structure, macropores, etc.).  

3.1.2 Effluent Quality 
The effluent quality applied to the STU is a principle design parameter effecting 

performance due to mass loading to the STU and the physical, chemical, and microbial 
requirements for transformation processes. Specific knowledge of the effluent characteristics is 
important when using this toolkit to understand the effect of effluent quality has on meeting 
treatment goals. In the case of nitrogen reduction treatment goals, not only is the total nitrogen 
concentration of interest, but also alkalinity, pH and carbon. In the case of microorganisms, a 
wide range of human-pathogenic microorganisms (enteric viruses, enteropathogenic bacteria, 
and protozoa) are found in STE at concentrations ranging over eight orders of magnitude. In the 
case of OWCs, the occurrence and magnitude again varies widely and is largely based on the 
OWTS source. Table 3-3 summarizes relevant constituents in STE. 

Table 3-3. Summary of Typical Constituents found in STE (Lowe et al., 2009). 

  Literature Values Measured Field Values 
 Units n Median n 25th Percentile Median 75th Percentile 

pH - 29 7.1 61 7.1 7.3 7.7 
Alkalinity mg CaCO3 L-1 9 433 61 292 411 410 
COD mg L-1 36 325 60 320 389 444 
cBOD5 mg L-1 98 158 59 156 216 294 
Total Nitrogen mg-N L-1 40 54 61 47 63 78 
Ammonium-nitrogen mg-N L-1 26 42 61 43 53 68 
Nitrate-nitrogen mg-N L-1 38 0.4 61 0.6 0.7 1.1 
Total Suspended Solids mg L-1 93 61 63 47 61 84 
E. coli cfu 100mL-1 6 2.6 × 106 55 2.2 × 104 6.4 × 104 2.3 × 105 

 

The tools in this toolkit focus on residential wastewater sources. Specifically the 
nomographs and cumulative probability graphs were developed assuming effluent qualities 
representative of “typical effluent” (i.e., STE) or “nitrified effluent”. While these effluents are 
known to vary widely, a concentration of 60 mg-N L-1 (as ammonium-nitrogen) was chosen to 
represent “typical effluent” and a concentration 15 mg-N L-1 (as nitrate-nitrogen) was chosen to 
represent “nitrified effluent”. If the effluent concentrations are either much greater or lower than 
these concentrations, the nomographs and cumulative probability graphs should not be used. 
Both N-CALC and STUMOD allow the user to select any nitrogen concentration. However, it is 
important that the user understand the general assumptions and limitations of the tools (see 
Chapters 1.0 and 2.0 of this User’s Guide). 

If a different waste stream is expected, the waste strength for various parameters is 
expected to vary greatly. Additional information on other waste streams and the general 
occurrence of constituents in wastewater can be found in Conn et al., 2006; Lowe et al., 2007; 
and Higgins et al., 2010. 
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3.1.2.1 pH 
The effluent pH may impact the magnitude of nitrification, as the nitrifying microbes are 

highly sensitive to low pH levels. pH is normally at a level that is optimum for the microbes (7.1 
to 7.7) and one can be reasonably confident it is sufficient for nitrification (User’s Guide, Section 
1.3.1). However, if low pH levels are of concern, the maximum nitrification rate should to be 
adjusted as described in equation 3.1.2.1-1. This adjusted rate can be used in the spreadsheet 
tools (N-CALC or STUMOD) or numerical models.   

µ = µmax 1+ 10 6.5− pH )( ) 
−1

 3.1.2.1-1 
 

3.1.2.2 Alkalinity 
Alkalinity is necessary to absorb or buffer the pH. In wastewater effluents pH is lowered 

during nitrification with approximately 7 mg L-1 of alkalinity (as CaCO3) consumed during the 
conversion of 1 mg-N L-1 as ammonium-nitrogen to nitrate-nitrogen. Sufficient alkalinity 
generally exists in effluent for nitrification, with little impact of lowered pH on the microbial 
community responsible for nitrogen transformations (User’s Guide, Section 1.3.1). Alkalinity is 
typically in the range of 300 to 500 mg L-1 as CaCO3 (Lowe et al., 2009), with a median value of 
approximately 410 mg L-1 as CaCO3 (Figure 3-1). Alkalinity may vary due to regional location, 
household activities, or use of water softeners. 

 
Figure 3-1. Alkalinity Concentrations Measured in STE (adapted from Lowe et al., 2009). 

 

3.1.2.3 Carbon 
Carbon concentration in the effluent is important as it may limit or facilitate attenuation 

processes for nitrogen and OWCs in the STU. Carbon is measured in many different forms 
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including, TOC, DOC, particulate organic carbon (POC) or indirectly through the BOD or COD 
tests. Both BOD and COD tests quantify an aggregate amount of organic matter comprising of 
organic constituents, provide insight into attenuation processes, and are commonly measured in 
wastewater effluents. The BOD test measures the aerobic biological decomposition of organic 
material comprised of carbonaceous and nitrogenous BOD. The five-day (BOD5) test measures 
the difference in dissolved oxygen within the sample over a given time period. The COD test 
measures the oxygen equivalent of organic matter that is susceptible to oxidation (by a strong 
chemical oxidant) and provides insight into the total amount of organics present. Because the 
COD test can show the presence of organic materials that are not readily susceptible to attack by 
microorganisms, the COD values are typically higher than BOD5 values for the same sample.  

For nitrogen attenuation, a COD to nitrogen ratio of at least 5:1 is recommended by EPA 
for nitrogen removal in the STU (User’s Guide, Section 1.2.2). COD values are typically not 
measured; however, the expected COD concentration can be estimated from the CFD shown in 
Figure 3-2. Although the range in COD concentrations is quite large (201 to 944 mg L-1), the 
IQR (25 to 75 percentile values) is relatively small (320 to 552 mg L-1) suggesting little 
variability in concentration. Alternatively, the COD concentration can be estimated from the 
carbonaceous BOD (cBOD5) concentration, using the following relationship established by 
Lowe et al. (2009) in measured effluents:  

COD = 1.34 cBOD5 +206 3.1.2.3-1 

Measured cBOD5 values are illustrated in Figure 3-3. 

 
Figure 3-2. COD Concentrations Measured in STE (adapted from Lowe et al., 2009). 
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Figure 3-3. cBOD5 Concentrations Measured in STE (adapted from Lowe et al., 2009). 

 

The minimum C:N ratio to facilitate denitrification is in the range of 4:1 to 7:1 depending 
on the form or carbon (User’s Guide, Section 1.2.2). The C:N ratio for residential effluent is 
most likely within this range although nitrified effluents may remove carbon during the 
nitrification process resulting in insufficient carbon in the effluent for denitrification. Indeed, 
nitrate contaminated surface waters and ground waters have been documented suggesting that 
one or more of the requirements for denitrification were not met. Because the spreadsheet tools 
N-CALC and STUMOD assume that sufficient carbon is available, in cases where nitrogen 
attenuation is of great concern, caution should be used in evaluating the output from these simple 
tools (e.g., estimates will be aggressive – that is over assume removal – and lower denitrification 
rates may be advised). 

3.1.2.4 Nitrogen 
Knowledge of total nitrogen in effluent is primarily important for nitrogen attenuation. 

The total nitrogen concentration in STE can be estimated from the CFD shown in Figure 3-4. 
Lowe et al. (2009) noted that the measured total nitrogen concentration in STE was than 90 mg-
N L-1 90% of the time. A similar CFD for nitrified effluent was not prepared due to the wide 
range of treatment systems and assessment of these systems was beyond the scope of this project. 
In cases where advanced treatment is employed (e.g., sand filters, textile filters, aerobic 
treatment, etc.), the ammonium-nitrogen concentration may be close to zero, while the 
concentration of nitrate-nitrogen is greater, keeping in mind the potential for carbon limitations. 

Ammonium-Nitrogen. Ammonium-nitrogen concentrations found in typical STE can be quite 
large (Figure 3-5). If no information is available, the concentration can be estimated from the 
CFD (Figure 3-5), or from Table 3-1. Again, it should be noted that the CFD illustrates “typical 
effluent” (i.e., STE) with only primary treatment utilized. As discussed in Section 1.3 of this 
User’, alkalinity is required for the nitrification process and the alkalinity to ammonium-nitrogen 
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ratio should be estimated. If the ratio is below 7:1, then alternative treatment options may be 
required to achieve nitrogen reduction treatment goals. Similarly, if the ammonium-nitrogen 
concentration is significantly greater than 60 mg-N L-1, advanced treatment of the STE may be 
necessary as the capacity of the certain soils to remove nitrogen is greatly reduced (Figure 3-6). 

 
Figure 3-4. Total Nitrogen Concentrations Measured in STE (adapted from Lowe et al., 2009). 

 

 
Figure 3-5. Ammonium-nitrogen Concentrations Measured in STE (adapted from Lowe et al., 2009). 
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Figure 3-6. Nomograph Illustrating Percent Nitrogen Removal at 60 cm Depth in Different Temperature Regions with 

Different Initial Effluent Concentrations (x-axis). Note: soil texture = clay loam, HLR = 2 cm d-1. 

 

Nitrate-Nitrogen. OWTS effluents typically contain very little nitrate-nitrogen unless aerobic 
treatment has been utilized. In cases where advanced treatment is utilized, the concentration may 
be below the maximum concentration limit (10 mg-N L-1) or achieve treatment goals. In fact, 
achievement of a target nitrate-nitrogen concentration is often why advanced treatment is 
employed. However, it should be noted that subsequent monitoring should be conducted to 
determine if the target treatment goals are met. In one recent study (Harden and Chanton, 2010), 
field monitoring of STUs receiving advanced treatment effluent indicated that target treatment 
goals were not met while in another study (Wren et al., 2004) old retrofitted systems may not 
meet treatment goals. The importance of monitoring to ensure treatment goals have been met is 
equally important for conventional OWTS. Figure 3-7 illustrates nitrate-nitrogen concentrations 
in STE for reference. 
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Figure 3-7. Nitrate-nitrogen Concentrations Measured in STE (adapted from Lowe et al., 2009). 

 

3.1.3 Daily Flow 
The estimated daily flow is a critical OWTS design parameter typically based on an 

estimated per capita occupancy of the bedrooms and some expected median per capita water use 
value. A conservative peak factor (e.g., 1.5 times the average design flow) is also often used to 
ensure performance during high flow periods. Such an approach may be required by local 
regulations, but may also lead to conservatively oversized tanks and STUs with associated 
additional costs. Understanding of actual interior water use may enable OWTS designers and 
decision makers to evaluate various potential designs and performance implications. 

Daily water use from single sources is known vary significantly (Mayer et al., 1999; 
Anderson et al., 1993; Anderson and Siegrist, 1989; Brown and Caldwell, 1984; Lowe et al., 
2009). A risk-based approach to estimation of daily flow can be utilized by using the CFD 
provided in Figure 3-8. For example, if a user plans for a maximum daily flow at the 50% 
cumulative frequency (171 L capita-1 d-1) as measured in the field in 2008, they can be 
reasonably confident that the design will include half of the expected household flows (Lowe et 
al., 2009). By multiplying this median flow rate by an estimated household per capita such as 3, 
a daily household flow rate of 513 liters per day is estimated (~135 gpd). However, as the 
household occupancy increases, the average per capita water use declines due to common 
household activities such as washing clothes and dishes (Mayer et al., 1999). Alternatively, water 
conserving fixtures may suggest up to 20% or more water savings (Anderson et al., 1993; 
Anderson and Siegrist, 1989; Brown and Caldwell, 1984). In these cases (higher occupancy or 
water conserving fixtures), lower daily flows may be selected. However, OWTS designs are 
commonly based on expected bedroom occupancy of 2 persons per bedroom, and a 1.5 peaking 
factor. If a three bedroom house is assumed, this equates to a daily flow of 1539 liters per day or 
more than doubles the initial estimate above. 
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Figure 3-8. Measured Daily Indoor Flows (adapted from Lowe et al., 2009). 

 

Comparison of measured daily flows in Figure 3-7 between the 2008 study (field data 
n=64) and the literature reported values (Lit Review n=30) suggests that indoor water use from 
single sources is less today than what has been previously reported in the literature (Lowe et al., 
2007). Thus, a more conservative approach for estimating daily flow would be to use all values 
as reported in the literature. It is also interesting to note that observations during the 2008 field 
study suggested that daily flows were strongly correlated to the occupant’s age and regional 
location. Specifically, occupants older than 65 had much greater water use and homes in the 
Western United States had higher water use compared to other regions. 

A look-up table with statistical information provides additional guidance for estimating 
values that may not be easily interpreted from a CFD (Table 3-4). For example, a conservative 
estimate (i.e., an estimate reflecting a higher flow) would be to select the 75th percentile value of 
all reported flow values (252 L capita-1 d-1) while a less conservative estimate (i.e., an estimate 
reflecting a lower flow) would be to select a regional 25th percentile value (e.g., 109 L capita-1 d-1 
in the South). Table A-1 (Users Guide, Appendix A) summarizes this same information in units 
of gallons capita-1 d-1. 

Table 3-4. Measured Indoor Daily Flow Summary Statistics (L capita-1 d-1) (adapted from Lowe et al., 2009). 

Statistic Literature All Sites Age Region 
Occupants >65 Occupants <65 Mid-West South West 

n 30 64 40 24 20 24 20 
Mean 278 207 148 297 207 184 234 
Std Deviation 128 143 78 177 98 103 207 
25th Percentile fill in 116 87 169 137 109 98 
Median 244 171 137 248 173 171 154 
75th Percentile fill in 252 196 381 235 226 254 
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3.1.4 Hydraulic Loading Rate 
The HLR is one of the principle parameters key to STU performance. An estimation of 

HLR typically begins with a percolation test or textural analysis of the soil (U.S. EPA, 2002), 
assuming a specific daily flow of STE based on number of bedrooms, occupants and a peaking 
factor. Theoretically, a HLR can be as high as Ksat of the native soil. However, soil acceptance 
rates will decline over time even with the addition of potable water (Driscoll, 1987; Van Cuyk et 
al., 2005). The soil’s ability to transmit water is only one aspect of HLR design, others include 
nutrient and organic loading associated with the effluent and treatment effectiveness. A high 
HLR results in high nutrient loading on the receiving soil. 

The HLR is defined in units of length per time (e.g., cm d-1), which is the same as volume 
per time over area (typically gallons ft-2 d-1). The orthogonal shape of the trenches allows for a 
quick calculation of the HLR, where the volume per time is the expected daily flow from a 
residence (User’s Guide, Section 3.1.3), and the area is the total area of the trench bottom: 

[ ]
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L T

Daily Flow
HLR

Area

 
    =     (3.1.4-1) 

where L is a length unit and T is a time unit. Varying the estimated daily flow or the 
trench area provides insight into the potential range of HLRs at a given site that may be 
reasonable while evaluating the associated nitrogen attenuation. The user may also want to 
consider peak flows in addition to estimated median daily flows.  

Over the lifespan of the STU with formation of a biozone and/or clogging zone high 
HLRs are not advised (Siegrist, 2006). Instead it is recommended that the HLR does not exceed 
10% of Ksat (Siegrist, 1987; Jenssen and Siegrist, 1990). A summary of select design HLRs 
(based on historical perspectives) with select design parameters that influence the HLR is 
provided in Table 3-5. Table A-3 (Users Guide, Appendix A) summarizes this same information 
in units of gallons ft-2 d-1. 

Table 3-5. Summary of HLR Used in STU Design. 

Soil Texture 
HLR used in OWTS design (cm d-1) K (cm d-1) 

Bouma,  
1975 

U.S. EPA, 
1980 

U.S. EPA, 
2002 

Siegrist, 
2006 

Radcliffe and 
West, 2009 Ksat 5% of Ksat 

Sand 5 3.2-5 1.6-3.2 4 4.4 643 32 
Loamy sand  3.2 1.6-3.2 4 3.7 105 5.2 
Sandy loam 3 2.4 0.8-2.4 2 3.0 38 1.9 
Loam  2 0.8-2.4  2.7 12 0.6 
Silt loam 5 2 1.6-2.4 2 3.8 18 0.9 
Silt     4.3 44 2.2 
Sandy clay loam   0.8-1.6  2.0 13 0.6 
Clay loam  0.8 0.8-1.6 0.5 2.0 8 0.4 
Silty clay loam  0.8 0.8-1.6 0.5 2.8 11 0.6 
Silty clay   0.8  1.9 10 0.5 
Sandy clay    0.8  1.5 11 0.6 
Clay 1  0.8  2.0 15 0.8 
Notes: Based on soil 

K-curves 
Based on soil 
percolation 
test 

Based on 
texture and 
structure, at 
BOD=150 mg 
L-1 

Based on Ksat, 
soil class and 
effluent type, 
at BOD=150 
mg L-1 

Based on 
HYDRUS-2D 
and the 
Bouma Eqn. 

Hydraulic conductivity is 
provided for reference. Soil 
texture specific Ksat values from 
Rosetta Database(Schaap et 
al., 2001) 
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Of note, the soil’s infiltrability is only one aspect of HLR design; the other is the organic 
loading associated with the effluent strength. When effluent is applied to a STU, oxygen demand 
is created by the microorganisms that breakdown the biodegradable materials in the wastewater. 
This oxygen demand must be satisfied by oxygen in the soil or the aerobic microorganisms 
cannot thrive. Anaerobic conditions are created when the applied oxygen demand exceeds what 
diffusion through the soil is able to supply (Otis, 1985; Erickson and Tyler, 2001). A high HLR 
forces a high organic loading on the receiving soil, which opens the way for anaerobic 
conditions, in which the utilization and degradation of organic matter by facultative and 
anaerobic microorganisms is much less efficient. Consequently, the accumulating waste 
materials and the metabolic by-products may cause soil clogging and loss of infiltrative capacity. 
The BOD in domestic STE can range significantly (Figure 3-3). Although a common BOD value 
used for OWTS design is 150 mg L-1, recent work by Lowe et al., (2009) found the median BOD 
in domestic STE to be approximately 200 mg L-1 as cBOD5. 

An understanding of the effluent quality is thus important when determining an 
appropriate design HLR and the user is advised to consider the potential for clogging. The HLR 
that can be sustained by the STU over long periods of time is referred to as and operationally 
defined as the long term acceptance rate (LTAR). The decision protocol in the Guidance Manual 
does not account for estimation of a LTAR; instead it is up to the user make informed decisions 
based on available information specific to their site. Table 3-6 provides a summary of the 
conditions to be considered when estimating the LTAR. The user is reminded that the expected 
treatment performance in STUs is directly correlated to the HLR, which is the one variable that 
can be adjusted (e.g., increase infiltration area for the same daily flow), unlike other variables 
that are cannot be manipulated such as soil texture, temperature, depth to water table, etc.  

Table 3-6. Summary of Key Factors Influencing the LTAR and Design HLR Values (adapted from Siegrist, 2006). 

Factors Relative 
Importance Attribute LTAR References 

Ksat of natural soil Minor-Moderate Well-drained permeable soils 
(Ksat  ~ 5- to 2,500 cm d-1) 

Approaches 
2 cm d-1 

(Jenssen and Siegrist, 1990;  
Beal et al., 2005 and 2008) 

Soil conditions Moderate High soil temp, low soil moisture,  
high aeration Increased (Siegrist et al., 2001) 

Infiltrative surface Moderate Shallow narrow trenches, aggregate-
free infiltrative surface Increased (Van Cuyk et al., 2001; Siegrist et 

al., 2004; Beach et al., 2005) 

HLR Major High HLR → High mass loading Decreased 
(Siegrist, 1987; Siegrist and 
Boyle, 1987; Jenssen and 

Siegrist, 1990; Siegrist et al., 
2001; Van Cuyk et al., 2005) 

Effluent quality Major High strength effluent → High mass 
loading Decreased 

(Siegrist, 1988; Tyler and 
Converse, 1989;  

Van Cuyk et al., 2005) 

Continuity of use Major Infrequent and/or intermittent  
with resting periods Increased (Siegrist et al., 2001) 

Note: “→” should be read as “leads to”. 
 

When assessing the HLR, the method of application must also be considered. For the 
tools developed in this toolkit, two application methods were considered: “standard” trench 
design with continuous effluent delivery and drip dispersal. While many other approaches can be 
considered, differing geometries and dosed effluent application requires the use of more complex 
numerical models. Thus, the assumption of continuous, steady state infiltration results a pressure 
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profile or soil moisture profile that does note change with time and can be incorporated in simple 
tools. The nomographs, N-CALC and STUMOD are all based on continuous effluent delivery to 
trench systems. However, scenarios developed using HYDRUS-2D for select operational 
conditions illustrate drip dispersal system behavior (see Guidance Manual, Section 3.4.4 and/or 
Visual-Graphic Tools file). 

Conventional trench systems are comprised of a network of trenches installed with a 
backhoe. Trench widths can range from with the trench bottom located 60-120 cm (2-4 feet) 
below ground surface. Advantages of trench systems include: 1) ease of installation, 
2) robustness to wide range of daily flows including peak flows, and 3) low installation costs. 
Disadvantages of trench systems include: 1) construction impacts that effect infiltration such as 
embedment of gravel or compaction of the infiltrative surface, and 2) limitations of oxygen 
diffusion (e.g., large beds, deep trenches, etc.). Trench systems vary widely accommodating a 
wide range of effluent distributions, geometries, and porous media (U.S. EPA, 2002).  

Drip systems are comprised of shallowly laid (typically 15-25 cm deep), small-diameter, 
flexible perforated pipes, similar to those used in drip irrigation. Advantages of drip dispersal 
includes: 1) shallow installation depths, 2) flexibility in design layout, and 3) uptake of nutrients. 
Disadvantages of drip systems include: 1) cost of operation (pumps required to pressurize the 
tubing length), and 2) maintenance to avoid clogging of the pipes and emitters. Drip dispersal 
systems have been installed in a range of climates with the greater concern for a system that is 
used on periodically over cold weather months allowing freezing within the systems. 

Drip dispersal relies on flow-controlling orifices (emitters) which dictate a constant 
discharge rate out for a wide range of intra-pipe pressures. Because the discharge rate is fairly 
constant, the variation in HLR comes to play in the number of doses a system handles per day, 
and the duration of each dose. Typically, a system installed in a clay-rich soil will be 
programmed for more frequent shorter doses compared to a sandy soil that can accept less 
frequent longer doses. In addition, for a fixed daily flow, the optimum dosing regime (frequency 
and duration) can be achieved through the length of tubing installed (runs and zones). Additional 
guidance can be found at: http://www.americanonsite.com/american/manuals/designguide1.html 
and http://www.geoflow.com/design_w.html. 

 

3.2 Parameters Relevant to Nitrogen Attenuation 
The basis of nitrogen attenuation is that ammonium-nitrogen is converted to nitrate-

nitrogen (nitrification) and nitrate-nitrogen is converted to nitrogen gas (denitrification). Other 
processes (e.g., ammonification, anammox) may affect nitrogen attenuation, but are not 
incorporated into the tools as either insufficient information was available or simplifying 
conditions could not be quantified. Nitrification requires somewhat aerobic conditions while 
denitrification requires anaerobic conditions. Both processes depend on the oxygen diffusion 
rates to and from nitrogen transformation sites compared to the kinetic uptake rate of oxygen. 
Thus for simple tool development, the transformations are a function of water content in the 
STU. The transformation rates are assumed to follow Monod kinetics, which allow the rate to be 
zero order at higher concentrations and first order at lower concentrations (see Chapters 1.0 and 
2.0 in this User’s Guide for additional information on nitrogen transformations and how they are 
incorporated into the spreadsheet models). 

http://www.americanonsite.com/american/manuals/designguide1.html�
http://www.geoflow.com/design_w.html�
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To use tools to estimate nitrogen attenuation, whether they are simple spreadsheet tools 
or numerical models, requires the selection of various parameters for sorption, nitrification and 
denitrification. A summary of the values reported in the literature for these parameters effecting 
nitrogen transformation is provided in Table 3-7. The references where these values were 
reported are provided in Table 3-8. The complete reference citation can be found in the 
References Section of the Guidance Manual. 

Table 3-7. Nitrogen Transformation Parameters Reported in the Literature. 

 Units n Mean Standard  
Deviation 

25th  
Percentile Median 75th  

Percentile 
Ammonium Sorption 

All soils L kg-1 75 3.0 17.3 0.12 0.42 1.3 
Clay-rich soil L kg-1 9 2.5 2.7 0.21 1.46 7.1 
Clay-poor soil L kg-1 34 0.5 0.7 0.11 0.35 0.6 

Nitrification Rates 
Zero-order mg L-1 d-1 46 123 223 3.3 36 100 
First-order d-1 20 38 69 0.4 2.9 23 

Maximum Nitrification Rates 
All soils mg L-1 d-1 19 87 139 4.0 56 87 

Denitrification Rates 
Zero-order mg L-1 d-1 306 38 99 0.29 3.1 16.9 
First-order d-1 31 0.4 0.7 0.009 0.07 0.45 

Maximum Denitrification Rates 
Sandy soil mg L-1 d-1 168 12.3 50.6 0.16 1.8 7.8 
Silty soil mg L-1 d-1 58 84.9 141 0.26 11.7 107 
Clayey soil mg L-1 d-1 74 62.2 126 1.9 9.7 52 
Note: Nitrification and denitrification zero- and first-order rates include all soils. 

 
Table 3-8. Citations for Reported Nitrogen Transformation Parameters. 

Nitrogen Attenuation 
Process Literature Source 

Sorption Antonopoulos, 2001; Antonopoulos and Wyseure, 1998; Birkinshaw and Ewen, 2000; Booker et al., 1996; 
BGS, 2000; Buss et al., 2004; Butler et al., 2003; Ceazan et al., 1989; Chang and Donahue, 2007; Colley, 
1991; Davison and Lerner, 1998; DeSimone and Howes, 1998; DeSimone and Howes, 1996; Dontsova et al., 
2005; Buss et al., 2005; Buss et al., 2003; Erskine, 2000; Fernando et al., 2005; Fonstad, 2004; Hanson et al., 
2006; Hongprayoon et al., 1991; Jackson, 1989; Jemison et al., 1994; Jenkins and Kemp, 1984; Kaluarachchi 
and Parker, 1988; Kunjikutty et al., 2007; Laima et al., 1999; Ling and El-Kadi, 1998; Lotse et al., 1992; 
Lumbanraja and Evangelou, 1994; Nommik and Vantras, 1982; van Raaphorst and Malschaert, 1996; Rao et 
al., 1984; Selim and Iskandar, 1981; Thornton et al., 2000; Thornton et al., 2001; Wang and Alva, 2000; 
Yamaguchi et al., 1996 

Nitrification Bollman and Conrad, 1998; Flowers and O'Callaghan, 1983; Garrido et al., 2000; Grant, 1995; Grundmann et 
al., 1995; Malhi and McGill, 1982; Müller et al., 2003; Schjonning et al., 2003; Sheibley et al., 2003; Stark and 
Firestone, 1995; Yamaguchi et al., 1996 

Denitrification 
zero-order rates 
reported as M M-1 T-1 or 
M L-3 T-1 

Aulakh et al., 1991a; Aulakh et al., 2000a; Aulakh et al., 2000b; Bandibas et al., 1994; Bradley et al., 1992; 
Bateman and Baggs, 2005; Bollman and Conrad, 1997; Bremner and Shaw, 1958; Brettar and Höfle, 2002; 
Burford and Bremner, 1975; Cavigelli and Robertson, 2000; Christensen, 1980; Christensen and Tiedje, 1988; 
Cosandey et al., 2003; Craswell, 1974; Drury et al., 1991; Ekpete and Cornfield, 1964; Ekpete and Cornfield, 
1965; Groffman and Tiedje, 1988; Günkör and Ünlö, 2005; Hall et al., 1998; Henault et al., 2001; Henrich and 
Haselwandter, 1997; Keeney et al., 1979; Maag and Vinther, 1996; McGarity, 1961; Powlson et al., 1988; 
Reddy et al., 1978; Saad and Conrad, 1993; Yamaguchi et al., 1990 

Denitrification 
zero-order rates 
reported at M L-2 T-1 

Aulakh et al., 1991; Avalakki et al., 1995a; Avalakki et al., 1995b; Barton et al., 1998; Clough et al., 1998; 
Davidson and Ståhl, 2000; de Klein and van Logtestijn, 1994; de Klein and van Logtestijn, 1996; Fedler et al., 
2003; Groffman, 1984; Groffman and Tiedje, 1989a; Groffman and Tiedje, 1989; Henault et al., 2001; 
Hoffmann et al., 2000; Johns et al., 2004; Lowrance and Hubbard, 2001; Perez et al., 2003; Pinay et al., 1993; 
Ryden et al., 1987; Stanford et al., 1975a; Stanford et al., 1975; Vinther, 1992; Well and Myrold, 2002; Weier et 
al., 1993 
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3.2.1 Soil Temperature 
Soil temperature has a direct effect on microbial activity, and thus plays an important role 

in nitrogen transformation processes as well as microorganism fate and transport. Nitrogen 
transformation rates generally increase with temperature to a maximum value at about 25°C, at 
which point they decline with continued increasing temperature (Malhi and McGill, 1982; 
Grundmann et al., 1995; Brady and Weil, 2002; Avrahami et al., 2003). Oxidation of ammonium 
ions by autotrophic bacteria is most efficient if the temperature is around 25°C compared to very 
inefficient (slow) in cold soil conditions. In contrast, denitrifying microbes adapt well to a range 
in temperature although the optimum temperature for denitrification is 25°C. 

Because soil temperatures at depths relevant to OWTS (0.1 to 3 m below surface) can 
range between 3°C and 25°C (Brady and Weil, 2002), and the variation can be significant 
geographically, the average annual soil temperature in the regions of interest needs to be taken 
into account when determining treatment performance. Depending on treatment goals, it may be 
warranted to conduct a field assessment to obtain actual soil temperature recognizing that the soil 
temperature varies greatly between regions as well as seasonally. The average annual soil 
temperature in five different regions in the contiguous United States is provided to aid the user in 
selection of appropriate temperature conditions for a specific site.  

Figure 3-9 illustrates the five different soil temperature regions in the contiguous United 
States. Soil temperatures are assigned by interpolation between stations or by extrapolation 
(User’s Guide, Figure 1.3). 

 
Figure 3-9. Average Soil Temperatures in the United States. 

Used by permission from the USDA, http://soils.usda.gov/use/thematic/images/soil_temp_reg.jpg). 

 

Table 3-9 presents the low and high annual averages and the overall annual mean 
temperature for each soil temperature regime (USDA, 1999). Because both “frigid” and “cryic” 
regions had the same annual mean soil temperature, the regions were combined into one region 
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for preparation of the nomographs, cumulative probability graphs and the spreadsheet tools N-
CALC and STUMOD. 

Table 3-9. Annual Average Temperatures (oC) by Climate Region. 

Zone Color Annual Mean Low High 
Hyperthermic  25.5 22 29 
Thermic  18.5 15 22 
Mesic  11.5 8 15 
Frigid  4.5 0 8 
Cryic  4.5 0 8 

 

3.2.2 Ammonium Sorption Coefficient 
Ammonium association with soils is an important process in nitrogen transformation. The 

sorption process is thought to be controlled by cation exchange processes, which depend on the 
ionic composition of the soil, as well as the ionic makeup of the effluent. To select an 
appropriate ammonium sorption coefficient (Kd), several factors should be considered including 
the concentration of ammonium-nitrogen and COD in the effluent, the CEC of the soil, the 
abundance of calcium (Ca2+) and magnesium (Mg2+) minerals, the abundance of clay minerals, 
and the WFP (Figure 3-10). As with all processes important for nitrogen attenuation, these 
ammonium sorption factors play a key role at both the macro and micro scale although the initial 
estimates are based on the general effluent quality and soil conditions. For example, the 
ammonium-nitrogen concentration is important at the soil pore space, but general estimates are 
based on the expected effluent quality applied to the soil. 

It is likely that a combination of these factors illustrated in Figure 3-10 will attribute to 
the estimation of Kd with some factors suggesting high sorption capacity while other factors 
suggesting low sorption capacity at the site. General information on how these factors affect 
sorption is shown in Table 3-10. The user should have an understanding of these factors in 
combination with soil properties to select reasonable Kd values. Clearly, the more information 
that is available, the better the estimation will be of Kd for a specific site. Additional information 
on ammonium sorption can be found in Section 2.1.1 of this User’s Guide. 
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Figure 3-10. Decision Diagram for Estimating the Ammonium Sorption Coefficient. 
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Table 3-10. Summary of Factors Influencing Ammonium Sorption. 

Factors Units Expected  
Field Condition 

Resulting  
Ammonium Sorption 

Ammonium-nitrogen concentration of the effluent mg-N L-1 Low High 
High Low 

Chemical oxygen demand of the effluent mg L-1 Low Low 
High High 

Cation exchange capacity of the soil meq 100g-1 Low Low 
High High 

Calcium and magnesium mineral content of the soil mg L-1 Low High 
High Low 

Clay content of the soil relative % Low Low 
High High 

Water filled porosity of the soil % Low High 
High Low 

 

A Kd value can be selected from the CFD (Figure 3-11) based on either the understanding 
of or assumptions for the key factors at the site (e.g., ammonium-nitrogen concentration, CEC, 
etc.). If little information is known, a median Kd value from the CFD may be a good starting 
point. If additional information is known, either a higher or lower Kd value can be selected.  

 
Figure 3-11. Cumulative Frequency Distribution of Ammonium Sorption Coefficient (Kd) 

Values as Reported in the Literature. 

 

In the spreadsheet tools N-CALC and STUMOD, there are two sorption default values 
based on clay content described as clay-rich or clay-poor. After the soil texture at the site has 
been determined, the USDA soil triangle (User’s Guide, Appendix A, Figure A-1) can be used to 
determine if the soil would be considered clay-rich or clay-poor. For example, if the soil of 
interest is a loam, then it is clear from the soil triangle that the soil has less than 30% clay and 
would be considered a clay-poor soil. In another example, if the soil of interest is sandy clay 
loam, the distinction is not quite as clear the textural class splits the clay-rich / clay-poor 
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division. In this case, if nitrogen attenuation is the treatment goal, additional information may be 
warranted. Figure 3-12 illustrates clay-rich and clay-poor Kd values reported in the literature. 

 
Figure 3-12. Cumulative Frequency Distribution of Ammonium Sorption Coefficient (Kd) Values 

for Clay-Rich versus Clay-Poor Soil as Reported in the Literature. 

 

3.2.3 Nitrification Parameters 
Nitrification is the process where ammonium ions are oxidized by autotrophic bacteria 

(bacteria that obtain their energy from CO2 rather than organic matter). Because soil gas is 
known to have high concentrations of CO2 (Jury and Horton, 2004), sufficient carbon and 
oxygen is assumed to exist for nitrification. This transformation process occurs relatively fast 
(e.g., mg L-1 d-1) in the STU. To select appropriate nitrification parameters, several factors 
should be considered including the effluent pH, the effluent ratio of alkalinity to ammonium-
nitrogen, the soil moisture content or WFP, and soil temperature (Figure 3-13). As with sorption 
processes important for nitrogen attenuation, these factors play a key role at both the macro and 
micro scale although the initial estimates are based on the general effluent quality and soil 
conditions. For example, the ratio of alkalinity to ammonium-nitrogen is important at the soil 
pore space, but general estimates are based on the expected effluent quality applied to the soil. 
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Figure 3-13. Decision Diagram for Determining Nitrification Parameters. 

 

Each of these factors illustrated in Figure 3-13 ultimately impact the nitrifying 
microorganisms (Nitrosomonas and Nitrobacter) resulting in either higher or lower nitrification 
rates. The pH of the effluent will impact the magnitude of nitrification, as the nitrifying microbes 
are highly sensitive to low pH levels. Although the pH is normally at a level that is optimum for 
the microbes, low pH levels may be encountered. Sufficient alkalinity is required for 
nitrification, most of which is associated with the neutralization of the hydrogen ions released 



  3-22 

during the nitrification process. If sufficient alkalinity is not available, the pH will decrease 
during the nitrification process resulting in decreased microbe growth rates (i.e., lower 
nitrification rates). For soils with high water content (i.e., soil moisture content or WFP), carbon 
availability to the microorganisms may be inhibited due to gas diffusion (specifically CO2 
diffusion). Finally, soil temperature also affects the rate of nitrification with optimum kinetics 
reported at temperatures of ~20-30°C.  

It is likely that a combination of these factors will attribute to the estimation of 
nitrification in the STU with individual factors suggesting either more or less nitrification. 
General information on how these factors affect nitrification is shown in Table 3-11. The user 
should have an understanding of these factors in combination with soil properties to select 
reasonable nitrification values. Clearly, the more information that is available, the better the 
estimation will be for a specific site. Additional information on nitrification can be found in 
Sections 1.3 and 2.1.3 of this User’s Guide. 

Table 3-11. Summary of Factors Influencing Nitrification.  

Factors Units Expected  
Field Condition 

Resulting  
Effect on Nitrification 

pH concentration of the effluent - <7 Decreased 
>7 but <8 Optimal  

Alkalinty : ammonium-nitrogen ratio of the effluent - <7 Decreased 
>7 Optimal 

Temperature of the soil °C 
5 Rate is ¼ of optimal 
15 Rate is ½ of optimal 
25 Optimal 

Water filled porosity of the soil % <40 or >80 Decreased 
60 Optimal 

 

3.2.3.1 Nitrification Rate 
The rate in which nitrification occurs can be selected from a CFD based on either the 

understanding of or assumptions for the key factors at the site (e.g., soil temperature, WFP, etc.). 
The range in the reported nitrification rates was quite large (4 orders of magnitude), with a 
minimum value of 0.5 mg-N L-1 d-1, a maximum value of 574 mg-N L-1 d-1, and a median value 
of 56 mg-N L-1 d-1 (Figure 3-14). With such highly skewed data, the inner quartile range of 4 to 
87 mg N L-1 d-1 better portrays the expected range of rates. If little information is known, a 
median value from the CFD may be a good starting point; however, either a higher or lower 
nitrification rate may be appropriate based on site conditions. In cases where pH is outside the 
optimum range, the maximum nitrification rate may be adjusted by multiplying it with a 
reduction factor (User’s Guide, Section 1.3.1). 

Based on the units required by individual tools, nitrification rates may be expressed as 
either zero- or first-order rates or a maximum rate may be required. The zero-order rate is 
independent of the initial ammonium-nitrogen concentration while a first order rate is dependent 
on the initial ammonium-nitrogen concentration. However, most enzyme-catalyzed biological 
reactions, such as nitrification, follow Monod kinetics where the reaction rate of is controlled by 
the availability of substrate or ammonium-nitrogen in the case of nitrification (User’s Guide, 
Section 1.3.5). The CFD for reported zero-order nitrification rates is shown in Figure 3-14. The 
CFD for maximum reported zero-order nitrification rates is shown in Figure 3-15.  
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Figure 3-14. Zero-Order Nitrification Rates Reported in the Literature. Temperature Corrected to 25ºC.  

 

 
Figure 3-15. Maximum Zero-Order Nitrification Rates Reported in the Literature. Temperature Corrected to 25ºC. 

 

N-CALC uses first order nitrification rates (User’s Guide, Section 2.3) and values should 
be selected from Figure 2-22. In contrast, STUMOD uses a Monod function to describe 
nitrification which allows the actual transformation rate to vary from zero- to first-order based on 
the half saturation constant of ammonium (User’s Guide, equation 1.3.5-1). Because both 
STUMOD and HYDRUS incorporate Monod kinetics, the optimum nitrification rate (maximum 
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rate) is required to implement either tool (Figure 3-15). The user is also reminded that the 
nomographs were generated using STUMOD and the scenario illustrations were generated using 
HYDRUS-2D and thus incorporate use of the Monod function. 

3.2.3.2 Half-Saturation Constant for Ammonium 
The half-saturation constant for ammonium is the substrate (ammonium-nitrogen) 

concentration at which the microbial growth rate is half the maximum growth rate (User’s Guide, 
Section 1.3.5). When Monod kinetics are used, the transition between zero-order (i.e., fixed 
regardless of concentration) and first-order (i.e., the reaction is faster as concentration increases) 
reactions is set by the half-saturation constant. Theoretical and physical evidence exist for both, 
but quantification of the different ranges is problematic. In short, use of a large half-saturation 
constant in a model will result in faster nitrification, because the maximum nitrification rate will 
be used for a wide range of concentrations. When a small half-saturation value for ammonium is 
used, one should expect slower nitrification. The bottom line is, the use of high half-saturation 
values will result in more removal of nitrogen in model output, because nitrate-nitrogen will be 
produced farther up in the soil profile and will be available earlier for denitrification. 

Half-saturation constants for ammonium transformation (Km,NH4) generally range 
between 0.06 and 12 mg L-1, with the majority of the values between 1 and 5 mg-N L-1 (Table 3-
12). These values essentially result in zero-order rates for relevant nitrogen concentrations in 
STUs (i.e., nitrogen concentrations above natural background of a few mg-N L-1). A value of 5 
mg L-1 is the default value in STUMOD as it simulates zero-order reaction rates, but also 
because the numerical formulations were more stable when Km,NH4 values were greater than 1. If 
the user has the technical expertise to determine a more appropriate value for the half-saturation 
constant, then such a value can be used in the spreadsheet tools. 

Table 3-12. Summary of Half Saturation Constants for Ammonium Reported in the Literature. 

Reported 
Value(s) Units Comment Reference 

1-180 μg/g Assumed value range for modeling Wang et al., 2005 
3.1-6.1 mg N/L Pilot scale experiments with wastewater Kapagiannidis et al., 2006 
7.2-12.6 mg N/L Authors obtained constants from the literature Jenkins and Kemp, 1984 
0.5-25 mg N/L Assumed value range for modeling Langergraber, 2007 
0.21 mg N/L Reported in Sheibley et al., 2003 Stark and Firestone, 1996 
0.7 mg N/L Reported in Sheibley et al., 2003 Gee et al., 1990 
0.76 mg N/L Reported in Sheibley et al., 2003 Drtil et al., 1993 
1.1 mg N/L Reported in Sheibley et al., 2003 Knowles et al., 1965 
1.1 mg N/L Reported in Sheibley et al., 2003 McLaren, 1970 
0.05 mg N/L Calibrated value to 11°C Choubert et al., 2005 
0.04 mg/L Adjusted to 20°C, it is unknown if the value is reported as 

nitrogen, experiments with wastewater 
Poduska and Andrews, 1974 

0.2 mg/L Unknown if value is reported as nitrogen, experiments with 
wastewater 

Downing et al., 1964 

0.6 mg/L Adjusted to 20°C, unknown if value is reported as nitrogen, 
experiments with wastewater 

Gujer, 1977 

1.0 mg/L Unknown if value is reported as nitrogen, experiments with 
wastewater 

Lijklema, 1973 

1.5-4 mg N/L Wastewater experiments Goel and Gaudy, 1969 
0.2-5.0 mg N/L Reported in (Buss et al., 2004) U.S. EPA, 1993 
0.3-0.7 mg N/L Wastewater Henze et al., 2002 
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3.2.4 Denitrification Parameters 
Denitrification is the reduction of nitrate-nitrogen to elemental nitrogen through an 

enzyme-catalyzed process by heterotrophic facultative anaerobic microbes (i.e., microbes that 
obtain their energy from an organic carbon source). The electrons needed typically originate 
from the microbial oxidation of organic carbon. Because the microbes responsible for 
denitrification are very tolerant and adaptable to environmental changes, the pH of the effluent is 
not of primary importance in the denitrification process. In fact, research has shown that pH has 
little influence on the process (Simek and Cooper, 2002).  

To select appropriate denitrification parameters, several factors should be considered 
including the carbon to total nitrogen ratio in the effluent, soil texture, soil temperature, and the 
soil moisture content or WFP (Figure 3-16). As with other processes important for nitrogen 
attenuation, these factors play a key role at both the macro and micro scale although the initial 
estimates are based on the general effluent quality and soil conditions. For example, for 
denitrification to occur, the carbon to total nitrogen ratio is important at the soil pore scale, but 
initial estimates are based on the expected effluent quality applied to the soil. 

A good measure of the availability of carbon for denitrification is the COD in the effluent 
(User’s Guide, Sections 1.2.2 and 3.1.2.3). It is typically assumed that a COD:TN ratio greater 
than 4:1 is sufficient. The soil texture is an important factor as with finer textured soils the water 
retention in the pore spaces is increased which promotes anaerobic conditions resulting in higher 
denitrification. Similarly, for soils with high water content (i.e., soil moisture content or WFP), 
oxygen availability to the microorganisms is inhibited due to gas diffusion and anaerobic 
conditions are favored. Finally, soil temperature also affects the rate of nitrification with 
optimum kinetics reported at temperatures of ~20-30°C (Figure 2-8). It is likely that a 
combination of these factors will attribute to the estimation of denitrification in the STU with 
individual factors suggesting either more or less denitrification. General information on how 
these factors affect denitrification is shown in Table 3-13. The user should have an 
understanding of these factors in combination with soil properties to select reasonable 
denitrification values. Clearly, the more information that is available, the better the estimation 
will be for a specific site. Additional information on denitrification can be found in Sections 1.3 
and 2.1.4 of this User’s Guide. 
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Figure 3-16. Decision Diagram for Determining Denitrification Parameters. 
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Table 3-13. Summary of Factors Influencing Denitrification. 

Factors Units Expected  
Field Condition 

Resulting  
Effect on Denitrification 

Soil texture  
Sandy Low 
Silty High 

Clayey High 

Soil temperature °C 
5 Rate ¼ of optimal 
15 Rate ½ of optimal 
25 Optimal 

Water filled porosity % <70 Decreased 
>70 Optimal 

Carbon : total nitrogen ratio  <4 as COD:TN Decreased 
>4 as COD:TN Optimal 

 

3.2.4.1 Denitrification Rate 
The rate in which denitrification occurs can be selected from a CFD based on either the 

understanding of or assumptions for the key factors at the site (e.g., soil temperature, WFP, etc.). 
Over 600 denitrification rates were identified in the literature (Figure 3-17) and while 
denitrification is known to follow both zero-order and first-order kinetics, only zero-order 
reaction data are presented here because the majority of the literature suggested the 
denitrification rate was not a function of nitrate concentration (Tucholke, 2007). If little 
information is known, a median value from the CFD may be a good starting point; however, 
either a higher or lower denitrification rate may be appropriate based on site conditions. 
Specifically, Tucholke (2007) found that the denitrification rates were strongly related to soil 
textural class. Three principal groups were identified that coincided with soil textural classes:  
1) sandy soils – those with >50% sand content; 2) silty soils – those with >50% silt content; and 
3) clayey soils – those with <50% sand and <50% silt content. The user should refer to the 
USDA soil texture triangle (User’s Guide, Appendix A, Figure A-1) as all clayey soils do not 
necessarily have high clay content. For example, a soil can have 45% sand, 45% silt and only 
10% clay, while still falling into the clayey group. The CFD for reported zero-order 
denitrification rates by soil group is shown in Figure 3-18. 
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Figure 3-17. Zero-order Denitrification Rates Reported in the Literature (data from Tucholke, 2007). 

Temperature corrected to 25ºC. 

 

 
Figure 3-18. Zero-order Denitrification Rates for Three Different Soil Groups (data from Tucholke, 2007). 

Temperature corrected to 25ºC. 

Similar to nitrification rates, the denitrification rate may be expressed as either zero- or 
first-order rates or a maximum rate may be required. Again, literature findings (McCray et al., 
2005; Tucholke, 2007) suggest that denitrification rates are zero order at higher concentrations 
and first-order at lower concentrations. Thus, Monod kinetics were utilized when modeling 
nitrate-nitrogen transformations. However, as with nitrification, N-CALC uses first order 
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denitrification rates (User’s Guide, Section 2.3) and values should be selected from Figure 2-23. 
In contrast, STUMOD uses a Monod function to describe denitrification which allows the actual 
transformation rate to vary from zero- to first-order based on the half saturation constant of 
nitrate-nitrogen (User’s Guide, equation 1.3.5-1). Again, the user is reminded that the 
nomographs were generated using STUMOD and the scenario illustrations were generated using 
HYDRUS-2D and thus incorporate use of the Monod function. 

3.2.4.2 Half-Saturation Constant for Nitrate  
The half-saturation constant for nitrate is the substrate (nitrate-nitrogen) concentration at 

which the microbial growth rate is half the maximum growth rate (User’s Guide, Section 1.3.5). 
When Monod kinetics are used, the transition between zero-order (i.e., fixed regardless of 
concentration) and first-order (i.e., the reaction is faster as concentration increases) reactions is 
set by the half-saturation constant. Use of a large half-saturation constant in a model will result 
in faster denitrification, because the maximum denitrification rate will be used for a wide range 
of concentrations. When a small half-saturation value for nitrate is used, one should expect 
slower denitrification. As with nitrification, again the bottom line is, the use of high half-
saturation values will result in more removal of nitrogen in model output. 

Half-saturation values for nitrate transformations (Km,NO3) based on actual measurements 
are sparsely reported in the literature, but have been found to range from 0.76 to 10 mg-N L-1 
(Table 3-14). It should be noted that both STUMOD and HYDRUS were unstable when using a 
half-saturation constant for nitrate of 1 mg-N L-1 (division by low Km,NO3 values resulted in high 
values in the calculation matrixes). A value of 5 mg-N L-1 is the default value in STUMOD as it 
simulates zero-order reaction rates, but also because the numerical formulations were more 
stable when Km,NO3 values were greater than 1. If the user has the technical expertise to 
determine a more appropriate value for the half-saturation constant, then such a value can be 
used in the spreadsheet tools. 

Table 3-14. Summary of Half Saturation Constants for Nitrate Reported in the Literature. 

Reported 
Value(s) Units Comment Reference 

1-60 mg /L Assumed range for modeling, unknown if values are reported as nitrogen Wang et al., 2005 
<<<<1 mg N/L Pilot scale experiments with wastewater Kapagiannidis et al., 2006 
4.06 mg N/L Reported in (Sheibley et al., 2003) Kohl et al., 1976 
3.06 mg N/L Reported in (Sheibley et al., 2003) Messer and Brezonik, 1983 

0.21-1.26 mg N/L Reported in (Sheibley et al., 2003) Maag et al., 1997 
0.1-0.2 mg/L Unknown if value is reported as nitrogen, experiments with wastewater Christensen, 1977 
0.1-0.2 mg/L Unknown if value is reported as nitrogen Engberg and Schroeder, 1975 

0.76 mg N/L Wastewater experiments Abdul-Talib et al., 2002 
10 mg/L Assumed value for modeling, unknown if value is reported as nitrogen Lotse et al., 1992 
10 mg/L Assumed value for modeling, unknown if value is reported as nitrogen Kunjikutty et al., 2007 

0.8-1.2 mg N/L Wastewater Henze et al., 2002 
120-1400 μM Conversion to concentration can only be made if soil properties are known Klemedtsson et al., 1991 
130-2100 μM Conversion to concentration can only be made if soil properties are known Myrold and Tiedje, 1986 
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3.3 Parameters Relevant to Microorganism Attenuation 
Key parameters for microorganism attenuation include but are not limited to, gaining a 

clear understanding of the soil properties (e.g., texture, STU profile depth, WFP), operational 
conditions (e.g., biozone formation, HLR), and effluent quality characteristics (e.g., bacteria, 
virus, pH). Additional information is also important for attenuation of specific microorganisms in 
the STU including temperature, filtration, organic matter content, microorganism type, 
attachment/detachment rates, inactivation, and microbial activity including the presence of other 
microorganisms. Specific simple tools could not be developed to address microorganism 
attenuation in the STU because the attenuation relies on difficult to obtain field parameters. 
However, mathematical models in combination with direct observation can be useful for the 
quantitative assessment of microbial transport and fate in the STU. The information presented 
here is intended to aid the user in choosing the best possible simplifying assumptions. Detailed 
information and results from laboratory studies are provided in Appendix D of this User’s Guide. 
As with other parameters important for estimating STU performance, understanding of the 
factors affecting microorganism attenuation and better estimations of STU performance is 
directly linked to the initial information available and understanding for a specific site. 
Additional information on microbial attenuation can be found in Section 1.4 of this User’s Guide 
and the supplemental literature review (McCray et al., 2008). 

3.3.1 Virus 
Human viruses are not part of the normal fecal flora, but occur in infected persons 

between 106 and 1010 viral particles per gram of feces (Kowal, 1982; Feachem et al., 1983). 
Removal of viruses in the STU is mainly attributed to removal/inactivation through adsorption 
(i.e., pH, soil mineralogy, and presence of organic matter), extent of water saturation (i.e., WFP 
or soil saturation), and the particular strain of virus. The inactivation rate of a virus, which 
depends on the strain of virus, is considered the single most important parameter in attenuation 
of virus. Adsorption of the virus to the soil is more efficient when the pH of the soil is below the 
isoelectric point (pI) of the virus. Alternatively high fractions of colloidal and soluble organic 
material may compete with viruses for adsorption on clay particles. Soil saturation is also 
important for virus removal with unsaturated conditions favorable due to more contact of virus 
particles with soil particle surfaces or to partitioning of the virus to the air-water interface. Data 
reported in the literature show that neither texture nor depth of soil, which may be important for 
the removal of larger particles, correlate particularly well with virus removal (McCray et al., 
2008). However, soil texture and structure will influence virus attenuation with finer soil textures 
and/or less structured soils increasing the expected virus removal. 

General factors that affect virus attenuation in the STU are summarized in Table 3-15. A 
combination of these factors will attribute to virus attenuation in the STU with individual factors 
suggesting either more or less attenuation. Because the range and interaction of factors 
controlling virus attenuation is diverse, it is difficult to pinpoint which factors are most 
important. In addition, these factors play a key role at both the macro and micro scale although 
the initial estimates are based on the general effluent quality and soil conditions.  
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Table 3-15. Summary of Factors Influencing the Magnitude of Virus Removal. 

Factors Expected  
Field Condition 

Resulting 
Virus Attenuation 

pH of the effluent 
pH >> 7 Decreased 
pH << 7 Decreased 
pH > pI * Decreased 

Soil mineralogy Clay > 15% Increased 
Low Ca2+ & Mg2+ Increased 

Amount of organic matter in the STU ** Low Increased 
High Decreased 

Soil saturation Unsaturated Increased 
Saturated Decreased 

*    Isoelectric point (pI) of the virus 
**  Dissolved and colloidal organic matter 

 

Figure 3-19 illustrates virus removal in STUs based on values reported in the literature. 
The assimilated data includes results from several different soil depths and in soils with different 
texture. The CFD suggests that 60% of the time there is greater than 1-log removal (again, 
independent of soil texture or depth). However, it is important that this data be taken in context 
with infectious dose (i.e., as low as 1 organism) and the potential public health risk as STUs may 
be expected to achieve 6-log (99.9999%) virus removals. 

 
Figure 3-19. Virus Removal as Reported in the Literature. 

 

3.3.2 Bacteria 
There are about 1013 bacteria in the human digestive tract, with members from 500 to 

1000 species present (Sears, 2005). The infectious dose for bacterial species covers a wide range, 
but infections can be caused by as few as 10 cells. Important factors for bacteria attenuation in 
the STU include mechanical filtration (i.e., soil texture, soil depth profile, biozone/biomat 
formation), adsorption (i.e., WFP or soil saturation), and predation resulting from adverse 
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temperatures or the inability to compete with indigenous bacteria. Filtration within the biomat 
and/or in the underlying unsaturated zone plays an important role in the removal of bacteria due 
to the comparatively greater size of bacteria (compared to virus). Filtration is affected by the soil 
texture and depth. Coarser textured soils are much less efficient at removing bacteria than finer 
textured soils; however, the depth of unsaturated soil is more important. Adsorption is primarily 
influenced by soil saturation (which may be controlled through HLR) with unsaturated soils 
increasing bacteria attenuation due to increased soil retention time and contact. Soil saturation 
may be controlled by HLR with lower HLRs promoting unsaturated conditions and increasing 
the expected bacteria removal. 

General factors that affect bacteria attenuation in the STU are summarized in Table 3-16. 
Again, it is likely that a combination of these factors will attribute to bacteria attenuation in the 
STU with individual factors suggesting either more or less attenuation. In addition, these factors 
play a key role at both the macro and micro scale although the initial estimates are based on 
general soil conditions.  

Table 3-16. Summary of Factors Influencing the Magnitude of Bacteria Removal. 

Factors Expected  
Field Condition 

Resulting  
Bacteria Attenuation 

Soil texture Fine Increased 
Coarse Decreased 

Depth of STU soil profile Deep (>60cm) Increased 
Shallow (<30cm) Decreased 

Soil saturation Unsaturated Increased 
Saturated Decreased 

Biozone formation Biomat present Increased 
Biomat not present Decreased 

 

Figure 3-20 illustrates fecal coliform concentrations in STE while Figure 3-21 illustrates 
total bacteria removal in STUs based on values reported in the literature. Much of the current 
understanding of bacteria in STU soils stems from studies using fecal coliforms, E. coli, and 
fecal enterococci. These organisms are used as indicators of human fecal contamination in 
ground and surface waters, but because bacterial species vary widely in their ecology and 
physicochemical properties, the fate of these organisms is likely not representative of all 
enteropathogenic bacteria found in STE.  

The assimilated data in Figure 3-21 includes results from different organisms, soil depths 
and soils textures. No removal values of less than 60% were reported in the literature, while 46 
reported values where greater than 1-log removal, 31 reported values were greater than 2-log 
removal, and 21 of the reported values were greater than 3-log removal (total number of reported 
values = 55), independent of soil texture or depth. Although seemingly small, the differences in 
removal rates can translate into large differences in bacterial numbers because they are often 
present in STE at high concentrations. For example, Figure 3-20 illustrates of the presence of 
103-108 fecal coliforms per 100 mL of STE. At the higher occurrence of fecal coliforms, a 
removal rate of 99% would still leave up to 106 per 100 mL. In comparison, the EPA’s National 
Primary Drinking Water Standards call for a maximum contaminant level goal for fecal 
coliforms of zero per 100 mL (U.S. EPA, 2008). 
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Figure 3-20. Fecal Coliforms in STE as Reported in the Literature (adapted from Lowe et al., 2009). 

 

 
Figure 3-21. Bacteria Removal as Reported in the Literature. 

Removals <60% Where Not Reported. 

 

3.4 Parameters Relevant to OWC Attenuation 
Key factors for OWC attenuation include but are not limited to, the target compound or 

class of compounds, compound properties affecting fate and transport, and potential treatment 
limitations. For specific OWCs of interest, additional information such as partitioning 
coefficients, organic carbon content, degradation rates, sorption, etc. will be important for 
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assessing OWC attenuation in STUs (Table 3-17). Specific simple tools could not be developed 
to address OWC attenuation in the STU because of the wide range of OWC compounds and the 
corresponding limited information available related to removal mechanisms in the soil. As with 
other parameters important for estimating STU performance, understanding of the factors 
affecting OWC attenuation is directly linked to the initial information available and 
understanding for a specific site. Additional information on OWC attenuation can be found in the 
supplemental literature review (McCray et al., 2008) and Higgins et al., 2010. 

The information presented here is intended to walk the user through the process of 
choosing the best possible simplifying assumptions. Due to the wide array of compounds, five 
OWCs were selected based on the assessment of the compounds that are most likely to be 
associated with environmental implications and most likely to be regulated, and represent the 
diversity of compounds considered OWCs (Table 3-17).  

Table 3-17. Characteristics for Selected OWCs. 

Compound Class Toxicity/Risk 
Persistence in 
Environment 

Appearance in  
Onsite Wastewater 

Diclofenac analgesic high high moderate 
Triclosan antimicrobial high moderate very high 
1,4-dichlorobenzene deodorant high moderate high 
17-β estradiol hormone high high moderate 
Estrone hormone high moderate moderate 

 

3.4.1 OWC Compounds 
OWC are often grouped into compound classes based on their function (e.g., antibiotics, 

surfactants, personal care products, etc.). However, grouping compounds in this basis does not 
account for similarities or differences in STU treatment characteristics. In addition, many 
compounds (detergents, antimicrobials) are ubiquitous in onsite wastewater effluents, while the 
appearance of some compounds (such as pharmaceutical drugs) may depend on specific 
activities or residents contributing to the wastewater effluent. Because of the wide variety of 
OWCs expected in onsite wastewater (i.e., STE), four common groupings based on treatment 
considerations are: 1) detergent/surfactant metabolites; 2) reproductive hormones; 3) phenolic 
antimicrobials; and 4) acid pharmaceutical compounds (Table 3-18).  

Table 3-18. OWC Groups and Examples of Common Contaminants. 

Surfactant Metabolites Reproductive Hormones Acid OWCs Phenolic Antimicrobials 
Nonylphenols Estrone NSAIDs Triclosan 

Nonylphenol Ethoxylates 17β-Estradiol Salicylic acid Triclocarbon 
 17α-Ethynylestradiol Gemfibrozil  
 Estriol Diclofenac  

 

3.4.2 Fate and Transport Parameters 
Fate and transport mechanisms important for OWCs attenuation include biodegradation, 

sorption, and abiotic degradation. The relative importance of these mechanisms is dependent on 
the specific OWC. Little research has targeted the investigation of the fate and transport 
parameters for many pertinent OWC compounds in soil environments, and no information is 
currently available for actual removal rates of these compounds in various soils or STU 
conditions. Some studies have investigated the phase partitioning coefficients and degradation 
rate constants in selected scenarios, but characterization of these mechanistic constants is 
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currently insufficient for estimating treatment efficiencies in a variety of scenarios. Thus, 
estimating treatment efficiencies for a specific system involves a high degree of uncertainty and 
general knowledge of fate and transport behaviors can be best used to identify STU scenarios 
where treatment may be insufficient or where additional treatment options may be warranted. 
The best currently available information on fate and transport parameters for OWC treatment in 
STUs is summarized in (Table 3-19). As research of the behavior of OWCs advances, improved 
estimations of the removal rates of these compounds may be attained using sorption and 
degradation constants. 

Table 3-19. Summary of Fate and Transport Properties for Four Different OWC Groups. 

Fate & Transport Property Surfactant/Detergent 
Metabolites 

Reproductive 
Hormones 

Acid  
OWCs 

Phenolic  
Antimicrobials 

Sorption to organic carbon in soil Significant Possible Wastewater pH 
dependent Significant 

Plant uptake Observed Possible Possible Observed 

Photodegradation Not observed Not observed Observed for select 
compounds 

Observed for select 
compounds 

Aerobic Biodegradation Significant Possible Possible Significant 
Anaerobic Biodegradation Observed* Not observed Not observed Not significant 
* Observed when 1/2 life is approximately 10x corresponding aerobic 1/2 life 

 

3.4.2.1 Estimation of the Relevant Transformation Parameters 
Little research has targeted the fate and transport parameters for many pertinent OWCs in 

soil systems. However, it may be possible to estimate (with some uncertainty) the expected 
contaminant removal with an appropriate conceptual model for the fate and transport of OWC 
compounds in soil. For example, using partitioning coefficients, sorption rate coefficients and 
degradation rate constants, allows for assessment of certain processes as well as estimation of 
removal rates, although other processes may also affect OWC attenuation. This approach 
provides a more detailed estimation of treatment of a specific OWC or group of OWCs with 
minimal additional research requirements. 

For example, to estimate the sorption coefficient (Kd), while maximizing the use of 
current information, it is first necessary to characterize the non-reactive solute fate and transport 
in system in terms of maximum concentration at point of interest and retention time. Second, it is 
necessary to characterize OWC in terms of Kd and 1st order degradation rate. In this example, the 
transport characteristics of a non-reactive solute are adjusted according to the effects of sorption 
and 1st order degradation.  

Figure 3-22 relates Kd values to the effect on retention time (RT) and maximum 
concentration (Cmax) for three biodegradation rates according to the Richards’ equation 
(Richards, 1931) for saturated-unsaturated water flow and advection dispersion equations based 
on Fick’s law for the transport of solutes. The model is used to simulate the unsaturated soil 
hydraulic properties of vadose zone gravity and capillary force driven transport (Šimůnek, 1998). 
The relationships illustrated in Figure 3-22, are then used to modify the fate and transport 
characteristics (Cmax and RT) according to the transport parameters (Kd and biodegradation half 
life) of an OWC. Specifically, the known retention time of a tracer can be multiplied by 
RT/RTtracer to estimate the retention time of an OWC. Likewise, the maximum concentration of a 
tracer can be multiplied by Cmax/Cmax-tracer to estimate the maximum concentration of an OWC. 
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Finally it should be noted that current Kd information may be insufficient to use this approach 
without additional investigation for all OWCs based the current status of knowledge. 
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Figure 3-22. Fate and Transport Dependence on Kd Value. 

A: Retention time (RT), normalized by the retention time of a non-reactive solute (RTtracer) against Kd. 
B: Maximum solute concentration (Cmax) normalized by maximum solute concentration for a non-reactive solute (Cmax-tracer) against Kd. 
Three different solute half lives were included in simulations;  = no degradation,  = ½ life of 5 days,  = ½ life of 2 days. 

 

3.4.2.2 Parameter Estimation Example: Estrogenic Hormones 
The first step for estrogenic hormones (estrone, 17β-estradiol, and 17α-ethynylestradiol) 

is to estimate Kd based on the relationship of a range of Kd values to soil organic carbon content 
(Figure 3-23). Ideally, this range (defined by 95% confidence intervals for a linear regression) 
incorporates the variability associated with addition soil and solution characteristics by involving 
a number of various experimentally determined Kd values while not accounting for the variability 
or effect of soil characteristics other than the foc. In Figure 3-23, Kd values from this study and 
literature for estrone, 17β-estradiol, and 17α-ethynylestradiol are combined under the assumption 
that these chemicals, being similar in structure, demonstrate similar sorption characteristics. A 
regression was then fit between the Kd values and corresponding foc values and 95 and 99% 
confidence intervals displayed. This initial range provides a realistic indication of the effect of 
sorption on retardation of OWCs during infiltration without requiring extensive batch studies to 
characterize Kd values for variety of soil conditions. 
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Figure 3-23. Kd Values for Estrogenic Hormones for Associated Fraction of Soil Organic Carbon. 

Isotherms with <20% variability from this study are denoted by solid data points. Literature reported values are denoted by open 
data points (estrone, 17β-estradiol, and 17α-ethynylestradiol) (Das et al., 2004; Ying et al., 2003). Middle solid line is the linear 

regression fit along with 95 (dashed lines) and 99% (outer solid lines) confidence intervals. 

 

The second step is to estimate the half-life of the OWC. Again, few studies have 
investigated the biodegradation of estrogenic hormones in soil. However, Das et al. (2004) 
reported an average half-life of 2.0 days (+/- 2.6 standard deviation) for a variety of soil types. 
Ying et al. (2003) also estimated a half-life of two days while others have estimated half-lives 
between two and six days for estrogenic hormones. Considering this data, a degradation rate that 
corresponds with a half-life that ranges between two and six days may most appropriate. Using a 
value on the low end of this range may incorporate more risk (less OWC attenuation) into a 
treatment scenario than using a value on the high end of this range. Refering back to Figure 3-22, 
the relationship between Cmax and Cmax-tracer can be considered for conditions of no biodegra-
dation, biodegradation with a two-day half-life, and biodegradation with a five-day half-life. 

3.4.3 Treatment Limitations 
Published laboratory studies identify various mechanisms that aid in the removal of 

OWCs from infiltrating water in STUs. These include abiotic degradation, biodegradation, and 
sorption to solids (Heberer, 2002) (Boyd et al., 2003; Daughton and Ternes, 1999). Based on the 
characteristics of the different types of OWCs (Table 3-19), conditions that may limit the amount 
of treatment achieved by these mechanisms can be identified. For example, treatment limiting 
conditions include: 1) shallow depth to water table or confining layer; 2) low organic carbon 
content in soil; 3) anoxic soil conditions; 4) and high pH in the effluent. General factors 
important to OWC attenuation in STUs of these compounds are summarized in Table 3-20. 
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Table 3-20. Summary of Factors Influencing OWC Removal. 

Factors Expected  
Field Condition 

Resulting  
OWC Attenuation 

Unsaturated soil depth of STU Shallow Decreased 
Deep Optimal 

Amount of organic carbon in the STU Low Decreased 
High Optimal 

Amount of oxygen in the STU Anaerobic Decreased 
Aerobic Optimal 

Acid dissociation constant (pKa) of the OWC pKa < pH Decreased 
pKa > pH Increased 

 

3.4.3.1 Shallow Depth to Groundwater or Confining Layer Conditions 
To ensure adequate soil treatment, the retention time of compounds in the unsaturated 

zone should be maximized. Ideally, greater unsaturated soil depths will maximize the retention 
time of the OWC enhancing treatment (e.g., degradation). A shallow depth to groundwater or 
confining layer is expected to be a most important issue in soils with low organic carbon content 
in combination with OWCs that do not strongly sorb. This may also be an issue for soils that 
drain relatively quickly. 

3.4.3.2 Low Organic Carbon Content Conditions 
Many organic compounds sorb strongly to the organic carbon in soil (Lee et al., 2003; 

Das et al., 2004; Yu et al., 2004; Duering et al., 2002). If sorption is irreversible, it can be 
considered as removal of the compound from the aqueous phase. If sorption is reversible, 
treatment may be enhanced because the retention time in the unsaturated zone is increased, thus 
allowing for increased degradation. Low organic carbon content is most limiting in STUs with 
shallow soil profile. High organic carbon contents in the biozone may provide potential organic 
carbon sorption sites with live and/or deceased cellular material (Siegrist, 1987; McKinley, 
2008). 

3.4.3.3 Anoxic Soil Conditions 
Laboratory studies have demonstrated the ability of many of OWCs to biodegrade 

aerobically (Shah et al., 2001; Das et al., 2004; Ying and Kookana, 2007; Lucas and Jones, 2006; 
Zwiener and Frimmel, 2003). Some OWCs have been shown to be capable of anaerobic 
biodegradation at much lower rates than for aerobic conditions (Joss et al., 2006; Ying and 
Kookana, 2007). Anoxic conditions in the soil may be promoted by operational conditions (e.g., 
high HLRs, effluent application method). Site conditions, such as fine textured soils or poorly 
draining soil, may also contribute to anoxic soil conditions. 

3.4.3.4 High pH Conditions 
High pH effluent may affect the ability of acidic compounds to sorb to soil particles. The 

acid dissociation constant (pKa) of a compound can be used to assess whether a compound may 
be affected by pH. If the pKa of a compound is below the pH of the wastewater, sorption may be 
inhibited for the compound (Hari et al., 2005). 
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3.4.3.5 Additional Treatment Considerations 
Considering the fate and transport processes of the OWC compound groups, additional 

treatment options may improve treatment for STUs with known limiting conditions. Table 3-21 
summarizes some potential treatment options.  

 
Table 3-21. Potential Design Options to Overcome Limiting Conditions. 

Additional Treatment or  
Design Options 

Shallow  
Soil Profile 

Low Organic Carbon 
Content 

Anoxic Soil 
Conditions 

High pH  
Wastewater 

Aerobic Treatment X X X X 
UV Treatment X    
Spray dispersal  X   
Timed dosing     
Continuous dosing     
Trench  X   
Infiltration bed X    
Above-grade mound X    
Constructed wetland X X X  
“X” indicates potential to overcome limitation 
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Figure A-1. USDA Soil Triangle and Particle Size Distribution. 
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Table A-1. Measured Indoor Daily Flow Summary Statistics (gallons capita-1 d-1) (adapted from Lowe et al., 2009). 

Statistic Literature All Sites Age Region 
Occupants >65 Occupants <65 Mid-West South West 

n 30 64 40 24 20 24 20 
Mean 73 55 39 78 55 49 62 
Std Deviation 37 38 21 47 26 27 55 
25th Percentile fill in 31 23 45 36 29 26 
Median 64 45 36 66 46 45 41 
75th Percentile fill in 67 52 101 62 60 67 

 

 
Table A-2. Conversion Factors for HLR from cm d-1. 

cm d-1 L m-2 d-1 Gallons (U.S.) ft-2 d-1 Gallons (Imperial) ft-2 d-1 
1 10 0.245 0.204 
2 20 0.491 0.408 
3 30 0.735 0.612 
4 40 0.980 0.816 
5 50 1.225 1.020 
6 60 1.470 1.224 
7 70 1.715 1.428 
8 80 1.960 1.632 
9 90 2.205 1.836 
10 100 2.450 2.040 

Note: 1 U.S. gallon = 3.785 liters; 1 Imperial gallon = 4.546 liters 
 

 
Table A-3. Summary of HLR Used in STU Design. 

Soil Texture 
HLR used in OWTS design (gallons ft-2 d-1) K (ft d-1) 

Bouma,  
1975 

U.S. EPA, 
1980 

U.S. EPA, 
2002 

Siegrist, 
2006 

Radcliffe and 
West, 2009 Ksat 5% of Ksat 

Sand 1.2 0.8-1.2 0.4-0.8 1 1.07 21 1.05 
Loamy sand  0.8 0.4-0.8 1 0.9 3.4 0.17 
Sandy loam 0.72 0.6 0.2-0.6 0.5 0.74 1.2 0.06 
Loam  0.45 0.2-0.6  0.66 0.4 0.02 
Silt loam 1.2 0.45 0.4-0.6 0.5 0.92 0.6 0.03 
Silt     1.05 1.4 0.07 
Sandy clay loam   0.2-0.4  0.5 0.4 0.02 
Clay loam  0.2 0.2-0.4 0.12 0.5 0.3 0.01 
Silty clay loam  0.2 0.2-0.4 0.12 0.69 0.4 0.02 
Silty clay   0.2  0.46 0.3 0.02 
Sandy clay    0.2  0.36 0.4 0.02 
Clay 0.24  0.2  0.5 0.5 0.03 
Notes: Based on soil 

K-curves 
Based on soil 
percolation 
test 

Based on 
texture and 
structure, at 
BOD=150 mg 
L-1 

Based on Ksat, 
soil class and 
effluent type, 
at BOD=150 
mg L-1 

Based on 
HYDRUS-2D 
and the 
Bouma Eqn. 

Hydraulic conductivity (K) is 
provided for reference. Soil 
texture specific Ksat values from 
Rosetta Database (Schaap et 
al., 2001) 

 



  A-4 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Toolkit User’s Guide 
 

B-1 

 
 

APPENDIX B 
 

WORKSHEET FORM 
 

 



  B-2 

Worksheet Form, page 1 of 5 

Step 1A.  Develop a conceptual design

Step 1B.  Deliniate hydraulic conditions

(a) What is the daily flow?

if known → Go to Box 1a
if unknown →

Box 1a Daily Flow: L/capita/day

(b) What is the expected HLR?

if known → Go to Box 1b
if unknown →

Box 1b HLR: cm/day

(c) Determine the application method of STE into the STU

Box 1c Method:

yes → Go to Step 1C
no →

Step 1C.  Assess effluent characteristics

(d) What is the alkalinity in the STE?

if known →
if unknown → Analyze effluent

Box 1d alkalinity: mg-CaCO3/L

(e) What is the pH of the STE?

if known →
if unknown → Analyze effluent

assume sufficient for nitrification

Box 1e pH:

STOP! Evaluate alternative treatment technologies

Estimate from CFD

Estimate from daily flow & unit design
Obtain value from reference table

Estimate from CFD
Obtain value from Table

Go to Box 1e

Is STU performance feasible?

Step 1. Assess operational conditions

Obtain value from Table

Go to Box 1d
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Worksheet Form, page 2 of 5 

(f) Is pH assumed sufficient for nitrification?
yes →
no →

Box 1f reduction factor:

(g) What is the concentration of COD in STE?

if known → Go to Box 1g
if unknown → Estimate from CFD

Obtain from Table 

Box 1g COD: mg/L

(h) What is the concentration of TN?

if known → Go to Box 1h
if unknown →

Box 1h TN: mg-N/L

(i) What is the COD:TN ratio?

Box 1i COD:TN ratio:

yes → Go to next step
no →

(j) What is the concentration of NH 4
+ -N?

if known → Go to Box 1j
if unknown → Estimate from CFD

Box 1j NH4
+-N: mg-N/L

Calculate from Equation

analyze effluent if advance treatment units are utilized

Calculate reduction factor for nitrification 

Obtain from Table

analyze effluent if advance treatment units are utilized

Analyze effluent

Go to next step

 Is the ratio COD:TN > 4:1?

Estimate from CFD
Obtain from Table

STOP! Evaluate alternative treatment technologies
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Worksheet Form, page 3 of 5 

(k) What is the alkalinity:NH4 ratio?

Box 1k alk:NH4 ratio:

yes → Go to next step
no →

(l) What is the concentration of NO 3
- -N?

if known → Go to Box 1l
if unknown →

Box 1l NO3
--N: mg-N/L

(m) Determine if the effluent is considered standard or high quality

Box 1m effluent quality:

(a) What is the soil texture at the site?

if known → Go to Box 2a
if unknown → Collect soil samples or use database

Box 2a soil texture:

(b) What is the average soil temperature?

if known → Go to Box 2b
if unknown → Estimate average soil temp for site

Box 2b soil temp: °C

Step 2. Assess parameters affecting treatment performance 

assume 1 mg/L if conventional septic tanks are utilized

Step 2A.  Assess soil characteristics

 Is the ratio alkalinity:NH4 > 7:1?

STOP! Evaluate alternative treatment technologies

analyze effluent if advance treatment units are utilized
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Worksheet Form, page 4 of 5 

(c) Which temperature region is most appropriate for site?

Box 2c region:

(d) Obtain soil texture hydraulic properties

θr θs Ks α n
Box 2d

Sorption:

(e) What is the ammonium sorption coefficient?

if known → Go to Box 2e
if unknown → use default value

Box 2e KD: L/kg

Nitrification:

yes →
no →

(f) What is the max zero-order nitrification rate (μ nit,max )?

if known → Go to Box 2f
if unknown →

Box 2f μ nit,max mg-N L-1 day-1

(g) Does the rate need to be adjusted due to low pH level in the STE?

yes →
Use of STUMOD is recommended

no → Go to next step

Box 2g new rate: mg-N L-1 day-1

**Adjustments may be needed if concentrations of COD and Ca2+ & Mg2+, and CEC a      

Is alkalinity sufficient and nitrification expected?

Step 2B.  Assess nitrogen removal parameters

Estimate from CFD**
Obtain from Table

STOP! Evaluate alternative treatment technologies

Estimate from CFD

Go to the next step

Multiply the rate with the reduction factor (Box 1f)

Obtain from Table 
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Worksheet Form, page 5 of 5 

(h) What is the first order nitrification rate ?**
**only relevant if using N-calc

if known → Go to Box 2h
if unknown →

Box 2h day-1

(i) Does the rate need to be adjusted due to low pH level in the STE?

yes →
no → Go to next step

Box 2i new rate: day-1

(j) What is the half saturation constant (K m )?

if known → Go to Box 2j
if unknown →

Box 2j K m mg L-1

yes →
no →

(k) What is the max denitrification rate (μ dn,max )?

if known → Go to Box 2k
if unknown →

Box 2k μ dn,max mg-N L-1 day-1

(l) Is the half saturation constant (K m ) known?

yes → Go to Box 2l
no →

Box 2l K m mg/L

Denitrification:

Use default value

Multiply the rate with the reduction factor in Box 1f

Use default value

Estimate from CFD
Obtain from Table 

Go to the next step
STOP! Evaluate alternative treatment technologies

Estimate from CFD
Obtain from Table 

Is COD sufficient and denitrification expected?
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APPENDIX C 

 

FIELD TESTING FOR MODEL DEVELOPMENT 
 

 

The field test site at the University of Georgia (UGA) was established to conduct onsite 
wastewater treatment system (OWTS) experiments in clayey soil while measuring hydraulic 
performance and nitrogen movement. These results were then used to develop a 2-dimensional 
model of water and nitrogen movement and compare the model predictions to the data obtained 
at the experimental site. Findings from the literature review included four major conclusions 
regarding modeling nitrogen attenuation in OWTS that were incorporated into the field design: 

♦ little is known under what conditions and to what extent denitrification occur; 

♦ differences in soil texture, structure or drainage class are likely to affect the magnitude of 
denitrification; 

♦ the HYDRUS model framework including a nitrogen model for two-dimensional 
simulations of a constructed wetland (CW2D) have been used in several studies; and 

♦ it may be possible to develop simple nitrogen models for soil treatment units (STUs) 
based on data generated from a HYDRUS model adapted to OWTSs. 

 

C.2 Description of UGA Experimental Site 
A conventional OWTS was installed and instrumented at the UGA experimental site in 

March 2009. The site is in typical Piedmont soil with three replicated trenches 10 m in length 
and 0.9 m in width (Figure C-1). Wastewater from a nearby sewage treatment plant providing 
service to a residential area was transported to the site and pumped to the septic tank three times 
a week (Figure C-2). The trenches were instrumented with water level sensors and the 
surrounding soil was instrumented with water content sensors (TDR), tensiometers, and suction 
lysimeters (Figures C-1 and C-3). Sensors were monitored continuously using data loggers. 
Lysimeter samples were collected monthly for analysis of nitrate and ammonium beginning in 
April 2009 and ending in October 2009. 

Prior to wastewater delivery to the soil, a falling head experiment was conducted with 
water in each of the three trenches to determine hydraulic properties at the site. Water was 
ponded in each trench to a height of approximately 15 cm and then allowed to infiltrate, which 
took one to three days depending on the trench. While water was infiltrating, water levels in the 
trench and water contents and pressure heads in the soil surrounding the trench were measured 
using TDR and tensiometers. The data was used to run a HYDRUS model of the OWTS in an 
inverse mode to improve estimates of soil saturated hydraulic conductivity and water retention 
curve parameters for three horizons surrounding the trenches, thus ensuring that the model was 
capable of simulating the hydraulics of the experimental site. 
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Figure C-1. Experimental UGA Site Showing Storage Tank that Discharges to the Septic Tank and Three Trenches and 
Instrumentation.  A Data Logger Housing, Rain Gauge, and Solar Panel is Also Shown. 

 

 

 
 

Figure C-2. Tanker Truck Used for Transporting Wastewater from the Local Sewage Treatment Plant 
to the UGA Experimental Site (pumped into a storage tank). 
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Figure C- 3. Trench During Installation of Sensors into the Underlying Soil. 

 

C.3 Hydraulic Performance at the UGA Experimental Site 
Water levels in the trenches are shown in Figure C-4 during two periods:  April 10-11 

and July 10-11, 2009. Three doses were applied each day at a rate of 3.7 cm/day, which is 1.5 
times the recommended dose for this soil in Georgia (the higher rate was applied to speed the 
development of the biomat in the first year). These figures show a sharp rise in water level in 
response to each dose and a slow decline in water levels between doses. Minimum water levels 
varied between 2 and 10 cm of ponding, except in trench 2 in July when they reached zero just 
before each dose.  

Pressure heads measured by tensiometers surrounding trench 1 over a four-hour period on 
July 24, 2009 are shown in Figure C-5. Pressure heads were relatively constant in time and 
varied from -45 cm in the soil to the side and near the top of the trench to 80 cm immediately 
below the trench at the deepest depth (60 cm below the trench bottom). 

The effect of rainfall on trench water levels and soil pressure heads is shown in Figure 
C-6 during the period April 1 to August 1, 2009. Water levels clearly rose in the trench in late 
May and early June due to a period of frequent rainfall and in mid-July when there was a large 
storm. 
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Figure C-4. Water levels in Trench 1 (TR1), Trench 2 (TR2), and Trench 3 (TR3) During April 10-11 and July 10-11, 2009. 

 

 
Figure C-5. Pressure Heads (in cm) around Trench 1. Clockwise from the upper left: 8, 9, 10, and 11am on April 24, 2009. 

Distance (cm) is shown on each axis relative to the lower left corner of the trench. 
The outline of the trench is shown in the upper right of each figure. 
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Figure C-6. Pressure Head (in cm) at Tensiometer Located 15 cm Below Trench 1. 

Pressure head is shown by the black line and the water level (cm) in the trench is shown by the blue line during the 
period April 1 to August 1, 2009 in the upper graph. Precipitation (mm) is shown in the lower graph. 

 
C.4 Nitrogen Loss Results 

The position of the suction lysimeters used to monitor nitrogen concentrations relative to 
each trench is shown in Figure C-7. There were four suction lysimeters immediately below the 
trench (at 15, 30, 60, and 90 cm below the trench bottom) and four more samplers at a distance 
of 30 cm down slope of the trench (at the same depths). An additional sampler was placed 90 cm 
down slope at the deepest depth. The lysimeter array was installed at two points along each of 
the three trenches: 3.3 m (Point A) and 6.6 m (Point B) from the end of the trench near the 
distribution box.  
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Figure C-7. Location of Suction Lysimeters Relative to Each Trench. 
Two sampling points (A and B) were established at 3.3 and 6.6 m from the end of each trench near the distribution box. 

An outline of the trench and perforated pipe is shown in the upper right of the figure. 

 

A summary of the concentrations of nitrate and ammonium from each lysimeter location 
on the eight sampling dates is presented in Tables C-1, C-2, and C-3. Concentrations of 
ammonium in the STE varied from the mid 20s to low 40s, while the concentrations of nitrate 
were near zero. Concentrations in the first compartment (ST-IN) and second compartment (ST-
OUT) of the septic tank are also shown at the bottom of each table. 

Lysimeter concentrations above 1 mg-N L-1 were considered above background as they 
exceeded the STE values and are highlighted in yellow in Tables C-1, C-2, and C-3. Most 
samplers had concentrations below 1 mg-N L-1; however, there was evidence that concentrations 
increased over time. For example, on April 2nd, only eight of the 54 lysimeters had nitrogen 
concentrations above 1 mg-N L-1 compared to August 12th where 21 of the lysimeters and 
October 23rd where 34 of the lysimeters had nitrogen concentrations above 1 mg-N L-1. The 
lysimeter position that most frequently showed concentrations above 1 mg-N L-1 was L9, 
which was farthest down slope from the trench bottom (Figure C-7). Concentrations were above 
1 mg-N L-1 in 17 of the 24 samples collected at this position (6 dates x 2 trench distances x 3 
trenches). In addition, concentrations tended to be above background at L9 on all dates, however; 
these concentrations remained relatively low (less than 2 mg-N L-1 in most cases). 
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Table C-1. Nitrogen Concentrations (mg-N L-1) in Samples Taken from April to May 2009. 

April 2, 2009 May 6, 2009 May 27, 2009 
Sample NH4-N NO3-N Sample NH4-N NO3-N Sample NH4-N NO3-N 
TR1A-L1 <0.04 0.07 TR1A-L1 <0.04 <0.02 TR1A-L1 <0.04 0.99 
TR1A-L2 0.06 0.51 TR1A-L2 <0.04 0.52 TR1A-L2 <0.04 0.48 
TR1A-L3 <0.04 0.54 TR1A-L3 <0.04 0.33 TR1A-L3 <0.04 0.11 
TR1A-L4 0.05 0.55 TR1A-L4 <0.04 0.31 TR1A-L4 0.05 0.15 
TR1A-L5 <0.04 0.46 TR1A-L5 <0.04 0.62 TR1A-L5 <0.04 0.60 
TR1A-L6 <0.04 0.21 TR1A-L6 0.07 0.27 TR1A-L6 0.05 0.28 
TR1A-L7 <0.04 0.31 TR1A-L7 0.04 0.73 TR1A-L7 <0.04 0.16 
TR1A-L8 0.05 0.41 TR1A-L8 <0.04 0.21 TR1A-L8 <0.04 0.15 
TR1A-L9 0.04 1.29 TR1A-L9 0.04 1.65 TR1A-L9 <0.04 2.57 
TR1B-L1 <0.04 0.39 TR1B-L1 <0.04 0.96 TR1B-L1 0.04 4.57 
TR1B-L2 <0.04 0.90 TR1B-L2 <0.04 0.85 TR1B-L2 <0.04 1.08 
TR1B-L3 <0.04 0.36 TR1B-L3 <0.04 0.43 TR1B-L3 <0.04 0.36 
TR1B-L4 <0.04 0.24 TR1B-L4 0.08 0.28 TR1B-L4 0.04 0.13 
TR1B-L5 <0.04 2.60 TR1B-L5     TR1B-L5 <0.04 0.63 
TR1B-L6 <0.04 2.58 TR1B-L6 <0.04 2.92 TR1B-L6 <0.04 3.28 
TR1B-L7 <0.04 0.79 TR1B-L7 <0.04 1.40 TR1B-L7 <0.04 0.80 
TR1B-L8 <0.04 1.65 TR1B-L8     TR1B-L8     
TR1B-L9 <0.04 1.44 TR1B-L9 <0.04 2.53 TR1B-L9 <0.04 2.30 
TR2A-L1 <0.04 0.04 TR2A-L1 <0.04 <0.02 TR2A-L1 <0.04 3.66 
TR2A-L2 <0.04 0.89 TR2A-L2 <0.04 0.94 TR2A-L2 0.05 0.59 
TR2A-L3 0.04 0.61 TR2A-L3 <0.04 0.26 TR2A-L3 <0.04 0.43 
TR2A-L4 0.04 0.79 TR2A-L4 <0.04 1.03 TR2A-L4 <0.04 0.68 
TR2A-L5 0.04 <0.02 TR2A-L5 0.04 <0.02 TR2A-L5 <0.04 0.22 
TR2A-L6     TR2A-L6 0.25 <0.02 TR2A-L6 <0.04 0.07 
TR2A-L7 <0.04 0.20 TR2A-L7 0.07 0.25 TR2A-L7 <0.04 0.06 
TR2A-L8 0.06 0.53 TR2A-L8 0.15 <0.02 TR2A-L8 0.04 0.74 
TR2A-L9 0.07 0.39 TR2A-L9 0.09 <0.02 TR2A-L9 0.11 0.12 
TR2B-L1 <0.04 <0.02 TR2B-L1     TR2B-L1 <0.04 7.63 
TR2B-L2 0.05 0.37 TR2B-L2     TR2B-L2 <0.04 0.98 
TR2B-L3 <0.04 0.57 TR2B-L3     TR2B-L3 <0.04 0.37 
TR2B-L4     TR2B-L4     TR2B-L4 <0.04 0.24 
TR2B-L5 <0.04 0.04 TR2B-L5     TR2B-L5 <0.04 0.15 
TR2B-L6 <0.04 <0.02 TR2B-L6     TR2B-L6     
TR2B-L7 <0.04 0.86 TR2B-L7     TR2B-L7 <0.04 0.05 
TR2B-L8 <0.04 0.06 TR2B-L8     TR2B-L8 0.05 0.07 
TR2B-L9 <0.04 3.46 TR2B-L9     TR2B-L9 <0.04 0.36 
TR3A-L1 <0.04 0.08 TR3A-L1 <0.04 <0.02 TR3A-L1 0.04 1.31 
TR3A-L2 <0.04 <0.02 TR3A-L2 <0.04 <0.02 TR3A-L2 0.74 0.02 
TR3A-L3 <0.04 0.47 TR3A-L3 <0.04 0.07 TR3A-L3 <0.04 0.02 
TR3A-L4 <0.04 0.19 TR3A-L4 0.06 0.14 TR3A-L4 <0.04 0.10 
TR3A-L5 <0.04 <0.02 TR3A-L5 0.11 <0.02 TR3A-L5 0.20 <0.02 
TR3A-L6 <0.04 0.19 TR3A-L6     TR3A-L6     
TR3A-L7 <0.04 0.62 TR3A-L7 0.15 0.11 TR3A-L7 <0.04 0.04 
TR3A-L8 <0.04 0.11 TR3A-L8     TR3A-L8 0.36 0.02 
TR3A-L9 0.04 <0.02 TR3A-L9 0.44 0.55 TR3A-L9 <0.04 0.44 
TR3B-L1     TR3B-L1 0.39 <0.02 TR3B-L1 <0.04 1.60 
TR3B-L2 <0.04 0.80 TR3B-L2 0.10 0.58 TR3B-L2 <0.04 0.41 
TR3B-L3 <0.04 0.95 TR3B-L3 0.05 0.55 TR3B-L3 <0.04 0.55 
TR3B-L4 <0.04 0.67 TR3B-L4 0.05 0.30 TR3B-L4 <0.04 0.55 
TR3B-L5 <0.04 0.80 TR3B-L5 <0.04 0.11 TR3B-L5 <0.04 0.49 
TR3B-L6 0.04 <0.02 TR3B-L6 0.04 <0.02 TR3B-L6     
TR3B-L7 <0.04 0.49 TR3B-L7 0.08 0.27 TR3B-L7 0.08 1.09 
TR3B-L8 <0.04 2.76 TR3B-L8 0.08 1.57 TR3B-L8 <0.04 1.76 
TR3B-L9 <0.04 1.86 TR3B-L9 0.24 1.76 TR3B-L9 0.04 1.35 

ST-IN 26.67 <0.02 ST-IN 28.19 <0.02 ST-IN 30.38 0.05 
ST-OUT 28.21 <0.02 ST-OUT 28.39 <0.02 ST-OUT 33.55 0.04 
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Table C-2. Nitrogen Concentrations (mg-N L-1) in Samples Taken from June to August 2009. 

June 10, 2009 July 8, 2009 August 12, 2009 
Sample NH4-N NO3-N Sample NH4-N NO3-N Sample NH4-N NO3-N 
TR1A-L1 0.04 0.13 TR1A-L1 <0.04 <0.02 TR1A-L1 0.22 <0.02 
TR1A-L2 <0.04 0.39 TR1A-L2 0.05 0.07 TR1A-L2 0.06 <0.02 
TR1A-L3 <0.04 <0.02 TR1A-L3 0.04 <0.02 TR1A-L3 0.07 <0.02 
TR1A-L4 0.05 0.19 TR1A-L4 <0.04 0.06 TR1A-L4 0.05 <0.02 
TR1A-L5 0.07 0.02 TR1A-L5 0.10 2.64 TR1A-L5     
TR1A-L6 0.19 <0.02 TR1A-L6 <0.04 <0.02 TR1A-L6 0.20 <0.02 
TR1A-L7 <0.04 <0.02 TR1A-L7 0.07 <0.02 TR1A-L7 0.10 0.66 
TR1A-L8 0.04 <0.02 TR1A-L8 <0.04 <0.02 TR1A-L8 0.06 <0.02 
TR1A-L9 0.04 1.73 TR1A-L9 0.06 1.74 TR1A-L9 0.07 0.72 
TR1B-L1 <0.04 3.13 TR1B-L1 <0.04 0.22 TR1B-L1 <0.04 <0.02 
TR1B-L2 0.05 4.09 TR1B-L2 0.04 1.78 TR1B-L2 0.05 0.23 
TR1B-L3 0.04 0.67 TR1B-L3 <0.04 0.31 TR1B-L3 0.08 0.12 
TR1B-L4 0.07 0.80 TR1B-L4 0.05 8.59 TR1B-L4 0.06 14.70 
TR1B-L5 0.05 0.11 TR1B-L5 0.06 3.47 TR1B-L5 0.08 9.55 
TR1B-L6 <0.04 1.30 TR1B-L6 <0.04 1.52 TR1B-L6 0.04 2.17 
TR1B-L7 0.05 0.58 TR1B-L7 0.06 0.50 TR1B-L7 0.05 0.55 
TR1B-L8 <0.04 0.56 TR1B-L8 <0.04 3.82 TR1B-L8 0.05 1.92 
TR1B-L9 <0.04 4.38 TR1B-L9 0.04 <0.02 TR1B-L9 <0.04 <0.02 
TR2A-L1 <0.04 0.93 TR2A-L1 0.05 <0.02 TR2A-L1 0.12 <0.02 
TR2A-L2 <0.04 0.43 TR2A-L2 0.04 <0.02 TR2A-L2 0.07 <0.02 
TR2A-L3     TR2A-L3 <0.04 0.11 TR2A-L3 0.04 <0.02 
TR2A-L4 <0.04 0.60 TR2A-L4 <0.04 0.24 TR2A-L4 0.05 <0.02 
TR2A-L5 0.05 <0.02 TR2A-L5 <0.04 0.02 TR2A-L5 0.05 <0.02 
TR2A-L6 0.05 <0.02 TR2A-L6 1.41 <0.02 TR2A-L6 1.02 0.09 
TR2A-L7 0.06 <0.02 TR2A-L7 0.36 <0.02 TR2A-L7 2.57 <0.02 
TR2A-L8 0.05 0.03 TR2A-L8 0.08 2.90 TR2A-L8     
TR2A-L9 0.48 <0.02 TR2A-L9 1.37 1.35 TR2A-L9 3.41 6.25 
TR2B-L1 0.08 0.73 TR2B-L1 0.27 0.38 TR2B-L1 0.45 0.23 
TR2B-L2 <0.04 1.90 TR2B-L2 <0.04 0.68 TR2B-L2 <0.04 0.44 
TR2B-L3 <0.04 0.79 TR2B-L3 0.05 0.49 TR2B-L3 <0.04 0.09 
TR2B-L4 0.07 0.18 TR2B-L4 0.04 2.30 TR2B-L4 0.09 2.95 
TR2B-L5 <0.04 <0.02 TR2B-L5 <0.04 7.36 TR2B-L5 <0.04 8.35 
TR2B-L6 <0.04 <0.02 TR2B-L6 0.04 7.10 TR2B-L6 0.08 11.81 
TR2B-L7 0.04 <0.02 TR2B-L7 <0.04 4.90 TR2B-L7 0.04 9.35 
TR2B-L8     TR2B-L8 <0.04 0.23 TR2B-L8 0.06 0.22 
TR2B-L9 0.04 <0.02 TR2B-L9 <0.04 0.03 TR2B-L9 <0.04 0.14 
TR3A-L1 0.04 0.18 TR3A-L1 0.26 <0.02 TR3A-L1 1.59 <0.02 
TR3A-L2 1.20 <0.02 TR3A-L2 2.65 <0.02 TR3A-L2 10.09 <0.02 
TR3A-L3 <0.04 <0.02 TR3A-L3 0.05 <0.02 TR3A-L3 0.04 <0.02 
TR3A-L4 <0.04 <0.02 TR3A-L4 0.06 <0.02 TR3A-L4 0.05 <0.02 
TR3A-L5 0.43 <0.02 TR3A-L5 0.99 1.60 TR3A-L5 2.81 1.88 
TR3A-L6     TR3A-L6 3.28 <0.02 TR3A-L6 0.25 <0.02 
TR3A-L7 0.05 <0.02 TR3A-L7 0.11 <0.02 TR3A-L7 5.53 <0.02 
TR3A-L8 0.45 <0.02 TR3A-L8 0.45 0.11 TR3A-L8 0.50 0.05 
TR3A-L9 0.04 1.12 TR3A-L9 <0.04 0.40 TR3A-L9 0.07 1.37 
TR3B-L1 0.05 0.46 TR3B-L1 <0.04 0.06 TR3B-L1 0.09 7.49 
TR3B-L2 0.04 0.35 TR3B-L2 0.06 0.36 TR3B-L2 0.04 0.15 
TR3B-L3 <0.04 0.27 TR3B-L3 <0.04 0.13 TR3B-L3 0.06 0.09 
TR3B-L4 0.05 0.06 TR3B-L4 <0.04 <0.02 TR3B-L4 0.05 <0.02 
TR3B-L5 0.04 0.21 TR3B-L5 0.05 2.01 TR3B-L5 <0.04 1.96 
TR3B-L6 <0.04 0.06 TR3B-L6 <0.04 1.95 TR3B-L6 0.05 1.96 
TR3B-L7 0.07 0.98 TR3B-L7 0.04 1.61 TR3B-L7 0.07 3.46 
TR3B-L8 <0.04 1.31 TR3B-L8 <0.04 0.73 TR3B-L8 <0.04 1.94 
TR3B-L9 <0.04 0.08 TR3B-L9 <0.04 0.27 TR3B-L9 0.06 <0.02 

ST-IN 32.62 <0.02 ST-IN 13.94 <0.02 ST-IN 46.44 <0.02 
ST-OUT 29.57 <0.02 ST-OUT 23.06 <0.02 ST-OUT 40.74 <0.02 
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Table C-3. Nitrogen Concentrations (mg-N L-1) in Samples Taken in September and October 2009. 

September 11, 2009 October 23, 2009 
Sample NH4-N NO3-N Sample NH4-N NO3-N 
TR1A-L1 1.71 <0.02 TR1A-L1 2.81 0.20 
TR1A-L2 0.02 <0.02 TR1A-L2 0.04 <0.02 
TR1A-L3 0.07 <0.02 TR1A-L3 0.08 <0.02 
TR1A-L4 0.05 <0.02 TR1A-L4 0.04 <0.02 
TR1A-L5 0.17 1.69 TR1A-L5 0.18 1.94 
TR1A-L6 0.43 <0.02 TR1A-L6 0.74 <0.02 
TR1A-L7 0.21 2.49 TR1A-L7 0.20 2.18 
TR1A-L8 0.08 1.20 TR1A-L8 0.04 7.54 
TR1A-L9 0.08 1.54 TR1A-L9 0.06 3.49 
TR1B-L1 0.03 3.88 TR1B-L1 0.05 2.03 
TR1B-L2 0.02 14.13 TR1B-L2 0.04 4.84 
TR1B-L3 0.04 0.18 TR1B-L3 0.04 1.12 
TR1B-L4 0.05 26.25 TR1B-L4 0.04 18.80 
TR1B-L5 0.06 13.83 TR1B-L5 0.03 3.57 
TR1B-L6 0.02 1.38 TR1B-L6 0.02 7.62 
TR1B-L7 0.03 0.41 TR1B-L7 0.03 0.64 
TR1B-L8 0.02 1.14 TR1B-L8 0.09 3.78 
TR1B-L9 0.02 <0.02 TR1B-L9 0.06 0.14 
TR2A-L1 2.89 <0.02 TR2A-L1 11.25 1.05 
TR2A-L2 0.06 <0.02 TR2A-L2 0.09 0.06 
TR2A-L3 0.06 <0.02 TR2A-L3 0.21 <0.02 
TR2A-L4 0.02 <0.02 TR2A-L4 0.04 0.08 
TR2A-L5 0.05 <0.02 TR2A-L5 0.08 0.14 
TR2A-L6 2.05 7.50 TR2A-L6 1.46 1.57 
TR2A-L7 5.51 <0.02 TR2A-L7 9.58 2.53 
TR2A-L8   TR2A-L8   
TR2A-L9 4.58 10.93 TR2A-L9 3.42 4.27 
TR2B-L1 4.81 7.32 TR2B-L1 5.92 3.65 
TR2B-L2 0.05 0.30 TR2B-L2 0.05 1.68 
TR2B-L3 0.04 0.18 TR2B-L3 0.05 0.36 
TR2B-L4 0.06 4.38 TR2B-L4 0.05 4.37 
TR2B-L5 0.06 19.78 TR2B-L5 0.03 6.81 
TR2B-L6 0.08 19.42 TR2B-L6 0.05 4.96 
TR2B-L7 0.05 24.19 TR2B-L7 0.05 15.33 
TR2B-L8 0.03 0.51 TR2B-L8   
TR2B-L9 0.09 0.27 TR2B-L9 0.06 0.65 
TR3A-L1 17.88 <0.02 TR3A-L1 22.85 0.44 
TR3A-L2 17.88 <0.02 TR3A-L2 17.63 0.79 
TR3A-L3 0.06 <0.02 TR3A-L3 0.06 <0.02 
TR3A-L4 0.08 <0.02 TR3A-L4 0.07 <0.02 
TR3A-L5 4.32 4.79 TR3A-L5 3.84 4.17 
TR3A-L6 13.51 <0.02 TR3A-L6 14.48 0.02 
TR3A-L7 0.26 <0.02 TR3A-L7 0.24 <0.02 
TR3A-L8 0.49 0.17 TR3A-L8 0.55 <0.02 
TR3A-L9 0.05 4.81 TR3A-L9 0.05 7.25 
TR3B-L1 0.20 20.88 TR3B-L1 0.17 15.25 
TR3B-L2 0.04 0.93 TR3B-L2 0.03 3.19 
TR3B-L3 0.05 0.44 TR3B-L3 0.06 1.25 
TR3B-L4 0.03 0.13 TR3B-L4 0.04 0.53 
TR3B-L5 0.05 27.53 TR3B-L5 0.05 11.99 
TR3B-L6 0.03 9.13 TR3B-L6 0.04 11.80 
TR3B-L7 0.05 9.54 TR3B-L7 0.05 8.54 
TR3B-L8 0.04 3.87 TR3B-L8 0.03 9.66 
TR3B-L9 0.04 0.08 TR3B-L9 0.01 0.47 

ST-IN 50.00 <0.02 ST-IN 47.98 <0.02 
ST-OUT 60.08 <0.02 ST-OUT 34.81 <0.02 
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One might expect the lysimeters at positions L1 and L2 immediately below the trench 
to most frequently show concentrations above background, but this was not the case. Only seven 
of 24 samples at L1 and 7 of 24 samples at L2 were above 1 mg-N L-1. In most cases, the 
concentrations above 1 mg-N L-1 at these positions occurred on the last 2 dates. These locations 
were among the few that showed ammonium concentrations above 1 mg-N L-1. On the last two 
sampling dates, the lysimeters at position L4, the deepest depth immediately below the trenches 
frequently showed concentrations above 1 mg-N L-1. 

The lysimeters that frequently showed above background concentrations of nitrogen 
(aside from the position L9) were those located 30 cm down slope of the trench (L5-L8) (Figure 
C-7). L6 was the most common position to show concentrations above 1 mg-N L-1 (13 of 24 
times), followed by L5 and L8 (9 of 24 times), and L7 (8 of 24 times). 

To illustrate these trends, nitrate concentrations are plotted in Figure C-8 as a function of 
position relative to the trenches on the last two sampling dates. Concentrations tended to be 
higher at lysimeter array point B (6.6 m along the trench, the lower row of plots in Figure C-8). 
The zone of high nitrate concentrations around lysimeters L5-L8, to the side and downslope of 
the trenches, is apparent on both dates. Comparison of the chloride and nitrate distribution 
indicates that chloride was present in most areas around the trench but nitrate only appeared in 
some areas. This trend may suggest that rather than preferential flow, denitrification may not be 
occurring in some areas (Figure C-9). 

 

 
Figure C-8. Comparison of Nitrate Concentrations (mg-N L-1) on July 8 and October 23, 2009 (the last two sampling dates) 

as a Function of Position Relative to the Three Trenches at Two Distances: 3.3 m (top row) and 6.6 m (bottom row). 
Distances are in cm and are measured from the lower right corner of the trench farthest up slope. 

Outlines of the trenches and perforated pipes are shown at top. 
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Figure C-9. Comparison of Chloride and Nitrate Concentrations (mg-N L-1) in April and October 2009. 
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C.5 Discussion 
Overall, the results indicated that some nitrate was moving away from the trenches in this 

clayey soil. There was a tendency for nitrate concentrations to increase over time so the final 
steady-state distribution of nitrate is not known. Most of the lysimeters indicated background 
concentrations, but some lysimeters consistently showed concentrations of nitrate above 1 mg-N 
L-1. The absence of ammonium in the lysimeters, except for a few cases close to the trench 
indicated that ammonium was either converted to nitrate in or very near the trench, or adsorbed 
very near the trench. Nitrate concentrations may have been low immediately below the trench 
because this was the wettest area (Figure C-5) and denitrification was optimal. The zone of high 
nitrate that occurred between and below the trenches may have been due to the fact that this was 
a dryer area where denitrification was less optimal (Figure C-5). Another possible explanation is 
that preferential flow in this clayey soil produced nitrate plumes that were intersected by only a 
small number of our samplers. 

The experimental site in a clayey soil has shown that water levels were ponding in the 
trench, even in a system that did not have a fully developed biomat. Pressure heads were slightly 
positive to slightly negative in the zone around each trench in a range that may allow both 
nitrification and denitrification to occur. Nitrate concentrations in the soil beneath the trenches 
were generally low, but above background concentrations, and increased with time during the 6 
months in which samples were collected. Ammonium concentrations were very low, except 
immediately below the trench on the last two sampling dates.   

The CW2D model accurately predicted water movement and pressure heads, but 
underestimated nitrate concentrations in the soil as observed at the UGA experimental site. It 
may be possible to adjust the model processes to produce a state-of-the-art OWTS model for 
water and nitrogen movement. 
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APPENDIX D 

 

MICROBIAL FATE AND TRANSPORT 
 

 

Laboratory experiments were carried to study the transport and fate of a model bacterium 
(E. coli) and virus (MS-2 coliphage). Three types of soils were obtained from sites in Rhode 
Island (RI), Colorado (CO), and Georgia (GA). These soils were sandy, sandy-loam, and 
structured clay loam, respectively. The primary objective of these laboratory studies was to 
provide the practitioner with guidelines to estimate bacteria and virus removal efficiencies for an 
OWTS based on a trench design and pulsed loading. The removal efficiency of such a system 
was simulated under variable hydraulic loading rates (HLRs), precipitation patterns, initial 
microbe concentrations and other environmental stresses. Guidelines were then developed based 
on the most significant results, which were typically based on the bacteria fate and transport 
results from the dosing experiments.  

 

D.1 Laboratory Methods 
D.1.1 Experimental Design 

Replicate (n=3) segmented mesocosms were designed to provide authentic data for the 
calibration of models describing the removal of microbial pathogens in STUs. These mesocosms 
consisted of straight-sided polypropylene Nalgene jars (10.5 cm high, 6.5 cm i.d.) with sample 
ports between jars to allow for sampling of drainage water directly below the infiltrative surface 
(4 cm), and at succeeding 10.5-cm depths (14.5 cm, 25 cm, 35.5 cm), hereafter referred to as 4 
cm, 14.5 cm, 25 cm, and 35.5 cm (Figure D-1). The mesocosms were packed with typical soils 
with soil treatment unit (STU) installations: 1) a sandy, B and C horizon soil from Kingston, RI; 
2) a sandy loam soil from Golden, CO; or 3) a clay loam soil from GAs. The remaining space in 
the 4 cm mesocosm was packed with gravel. Mesocosms were maintained at room temperature 
(19-21°C) in the dark. STE was obtained approximately every 7-10 days from a residential 
dwelling house and stored at room temperature. STE was applied every 12 hr at a rate of 2.4 cm 
d-1 (0.6 gal ft-2 d-1). The soil atmosphere at the mesocosm infiltrative surface mimicked that of a 
full-scale operating STU trench because the headspace of the first mesocosm (4 cm) was vented 
to a 30 cm column of dry soil. Vacuum pressure of -7 kPa was used to approximate the suction 
from underlying unsaturated soil. Water samples were collected periodically in UV-sterilized 
glass vials from sample ports below the mesocosms using vacuum. One to three mLs of water 
was collected from each mesocosm per sampling event.  
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Figure D-1. Experimental Apparatus. 

 

For each soil, column experiments were performed by dosing known quantities of either 
aqueous phase E. coli or MS-2 onto a gravel layer on top of the column. The aqueous phase, 
spiked with microbial matter, percolated downward through the gravel and the unsaturated soil. 
The gravel layer mimicked the aggregate fill of a typical onsite wastewater treatment system 
(OWTS) trench. Over time, a biofilm developed in the uppermost part of the soil column. Dosing 
experiments were carried out before and after the biofilm matured. Microbial concentrations 
were measured at three sample ports at 4 cm, 14.5 cm and 25 cm depth (see schematic of 
experimental apparatus in Figure D-1). Infiltration tests were performed on all three soil column 
systems to compare the infiltration rate of the various soils before and after biofilm formation. In 
addition, E. coli and MS-2 die-off experiments were conducted to determine the die-off rate 
constants for the various soil/microbe systems including die-off in the aqueous phase in the 
absence of any soil materials. 

D.1.1.1  E. coli Tracer Experiment 
A novel strain of E. coli (BTF 132) (Biomérieux, Hazelwood, MO) was used as a 

bacterial tracer in these sysmesocosms. The strain has a gene for green fluorescent protein (GFP) 
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inserted into the chromosome. Because the gene is chromosomal and is not easily lost, this GFP-
labeled E. coli strain is ideal for use as a bacterial tracer. Bacterial colonies formed on agar plates 
glow green under UV light; therefore, it is possible to differentiate between the bacteria that were 
added to the mesocosms and native fecal coliform bacteria, which do not fluoresce. 

For each bacterial addition experiment, GFP E. coli were grown overnight at 37°C in 
lysogeny broth (LB) then diluted in phosphate-buffered saline (PBS) to ~5 x 106 cfu mL-1. 
Approximately 2 mL of the diluted GFP E. coli culture was added to each mesocosm over a 37-h 
period, coincident with each wastewater dose (4 doses total). GFP E. coli were enumerated using 
a standard membrane filtration method (APHA, 2005) with visualization under UV light. 

D.1.1.2  Virus Tracer Experiment 
For virus addition experiments, bacteriophage MS-2 was used as a tracer. MS-2 is a 

single-stranded RNA coliphage with a 25-nm diameter and an isoelectric point of 3.9 (Powelson, 
1990). E. coli strain K12 was used as the host for this bacteriophage. For each addition 
experiment, MS-2 was diluted in PBS to ~ 5 x 106 cfu mL-1 and added as described above for the 
E. coli addition experiment. Bacteriophage were enumerated using the plaque-forming assay of 
Adams (1959) on LB agar plates, which were incubated for ~4 hr at 37°C and then overnight at 
room temperature before counting of plaques in the host lawn.  

D.1.1.3  Bromide Tracer 
STE used during the E. coli and virus tracer experiments was spiked with bromide 

(~20 mg/l) to determine whether bacterial movement was retarded relative to that of the STE. 
Bromide concentrations were measured using the method of Lepore and Barak (2009).  

D.1.1.4  Survival in Soil and STE Experiment 
Experiments were conducted to determine the survival of the tracer strains in soil and 

STE. For soil, 2 g (air-dry weight) of soil from each of the three soil types was placed in plastic 
scintillation vials, in triplicate and to allow for multiple sampling events. Prior to use, soil was 
either air-dried or sterilized (121°C for 60 min on 5 consecutive days). GFP E. coli or MS-2 
bacteriophage were added to an approximate concentration of 2.4 x 105 cfu(pfu) per gram of soil 
in 200 µL of sterile distilled water. Vials were tightly capped and placed in a humidified 
environment. 

For enumeration, 20 mL of either sterile phosphate-buffered saline (for E. coli) (Turco, 
1994) or sterile 1.5% beef extract, pH 8.7 (for MS-2) (Powelson, 1990) was added to each vial, 
and vials were placed on a reciprocal shaker for 10 min. GFP E. coli and MS-2 bacteriophage 
were then enumerated as described above.   

To determine survival in STE, 4 250-mL polypropylene bottles containing 100 mL of 
effluent were amended with approximate concentrations of: 1) 4.8 x 102 cfu GFP E. coli mL-1; 2) 
5.2 x 106 cfu GFP E. coli mL-1; 3) 2.3 x 102 pfu MS-2 coliphage mL-1; or 4) 4.4 x 106 pfu MS-2 
coliphage mL-1. STE was then incubated at room temperature, in the dark. Samples were 
analyzed for E. coli and MS-2 as described above. Initial concentrations were determined by 
identical dilutions using PBS in place of STE followed by immediate enumeration. For 
replication, this experiment was repeated on 3 separate occasions. 



  D-4 

D.1.1.5  STE Properties 
STE samples were analyzed for dissolved oxygen using the azide modification of the 

Winkler titration method (APHA, 2005). The pH was determined using a combination pH 
electrode and a Model UB-10 pH meter (Denver Instruments, Denver, CO). STE was analyzed 
for fecal coliform bacteria using the standard membrane filtration method (APHA, 2005), and for 
virus capable of growing on E. coli (K12) using the plaque-forming assay of Adams (1959). 
BOD was determined following the 5-day BOD test (APHA, 2005). Total phosphorous and total 
nitrogen were measured in STE using the persulfate digestion method (APHA, 2005) followed 
by colorimetric analysis (Schoenau and Karamanos, 1993; Doane and Horwáth, 2003). Results 
of the STE analyses are provided in Table D-1. 

Table D-1. STE Properties for Laboratory Experiments.  

Property Mean (n=23-36) Maximum Minimum 
BOD5 (mg L-1) 224 383 45 
pH 6.82 7.20 6.43 
Dissolved oxygen (mg L-1) 0 0 0 
Total phosphorus (mg-P L-1) 5.8 8.4 1.7 
Total nitrogen (mg-N L-1) 30 52 0 
Fecal coliforms (cfu mL-1l) 2.9 x 103 8.7 x 103 1 x 102 

Virus (pfu mL-1) 0 2 0 
 

D.1.2 Experimental Results 

D.1.2.1  Evaluation of the Fate of GFP-labeled E. coli in STU Mesocosms 
Sandy Soil GFP-labeled E. coli were added to sandy soil mesocosms two weeks after dosing 
began at an initial concentration of 4 x 105 cfu mL-1 STE coincident with dosing over a 37-hr 
period (4 doses). GFP-bacteria levels in water draining from the 4 cm depth peaked at 5.6 x 104 
cfu mL mL-1 at 41 hr and declined to below detection limits (BDL) of 1 cfu mL-1 over 
approximately 672 hr. GFP-bacteria levels in water draining from 14.5 cm peaked at 3.6 x 102 

cfu mL-1 at 41 hr, reaching the detection limit after 360 hr. Water draining from 25 cm reached a 
maximum level of GFP-bacteria of 1.2 x 101 cfu mL-1 at 41 hr, reaching the detection limit after 
192 hr (Figure D-2). Tap water (3.9 cm) was added over 3.3 hr to simulate a heavy 
rainfall/irrigation event 672 hr after commencement of the GFP-labeled E. coli experiment. No 
GFP bacteria were detected in drainage water from the 14.5 cm and 25 cm soil depths during the 
event and for the subsequent 5 days, and <2 GFP bacteria mL-1 were detected from the 4 cm 
depth (Figure D-2).  

Twenty-six weeks after STE dosing began, GFP-E. coli were again added at an initial 
concentration of 5 x 105 cfu mL-1 STE to examine removal after the formation of a biomat. GFP-
bacteria levels in water draining from the 4 cm depth peaked at 6.5 x 104 cfu mL-1 at 41 hr and 
declined to BDL over approximately 408 hr. GFP-bacteria levels in water draining from 14.5 cm 
peaked at 2.8 x 101 cfu mL-1 at 41 hr, reaching the detection limit after 336 hr. Water draining 
from 25 cm had levels of GFP-bacteria BDL on all days (Figure D-3). 
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Figure D-2. Mean (n=3) Concentration of GFP E. coli in Drainage Water from 

Sandy Soil (RI) STU Mesocosms Before Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 

concentration of bacteria added. Vertical dotted line indicates addition of tap water. Values ≤1 were assigned a value of 1. 
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Figure D-3. Mean (n=3) Concentration of GFP E. coli in Drainage Water from 

Sandy Soil (RI) STU Mesocosms After Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 

concentration of bacteria added. Values ≤1 were assigned a value of 1. 

 

Sandy Loam Soil GFP-labeled E. coli were added to sandy loam soil mesocosms two weeks 
after STE dosing began at an initial concentration of 6 x 106 cfu mL-1 STE as previously 
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described. At 41 hr, GFP E. coli levels draining from the 4 cm depth peaked at 1.1 x 106 cfu mL-1 
and levels from the 14.5 cm depth peaked at 3.7 x 104; levels from the 25 cm depth peaked at 6.0 
x 102 at 65 hr (Figure D-4). Detection limits were reached by 714, 498, and 402 hr, for the 
mesocosm depths, respectively. The simulated rainfall experiment was conducted 714 hr after 
the initial addition of E. coli. No GFP-labeled E. coli were observed exiting any of the 
mesocosms. 

The addition experiment was repeated 20 weeks after STE dosing with GFP-labeled E. 
coli at an initial concentration of 4 x 105 cfu mL-1 STE. GFP E. coli levels peaked at 41hr at 2.2 x 
105 cfu mL-1 in water draining from the 4 cm depth, reaching the detection limit by 402 hr, and at 
7.4 x 104 cfu mL-1 in water draining from the 14.5 cm depth, also reaching the detection limit by 
402 hr. At 65 hr, levels peaked at 5.7 x 103 cfu mL-1 in water draining from the 25 cm depth 
(Figure D-5), and the detection limit was reached by 114 hr. 
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Figure D-4. Mean (n=3) Concentration of GFP E. coli in Drainage Water from 

Sandy Loam Soil (CO) STU Mesocosms Before Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 

concentration of bacteria added. Vertical dotted line indicates addition of tap water. Values ≤1 were assigned a value of 1. 
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Figure D-5. Mean (n=3) Concentration of GFP E. coli in Drainage Water from 

Sandy Loam Soil (CO) STU Mesocosms After Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. 

Horizontal dashed line indicates initial concentration of bacteria added. Values ≤1 were assigned a value of 1. 

 

Clay Loam Soil Two weeks after STE dosing began in the clay loam soil, GFP E. coli were 
added at an initial concentration of 3 x 105 cfu mL-1 STE. GFP E. coli levels in water draining 
from the 4 cm depth reached a maximum of 2.0 x 105 at 37 hr, and levels in water draining from 
the 14.5 cm depth reached a maximum of 1.0 x 105 at 13 hr. GFP bacteria were never observed 
in water from the 25 cm depth (Figure D-6). The detection limits for 4 and 14.5 cm depths were 
reached by 469 and 349 hr, respectively. The simulated rainfall experiment was conducted 480 
hr after the initial bacteria addition and, again, no GFP-labeled E. coli were observed exiting any 
of the mesocosms.  

The GFP E. coli addition experiment was repeated 20 weeks after STE dosing began. 
Water draining from all depths reached maximums of 4.2 x 103 for 4 cm, 3.8 x 102 for 14.5 cm, 
and 5.3 x 101 for 25 cm at 37 hr (Figure D-7) and reached the detection limit by 661 hr for the 4 
cm and 14.5 cm mesocosms, and 61 hr for the 25 cm mesocosm.  
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Figure D-6. Mean (n=3) Concentration of GFP E. coli in Drainage Water 
from Clay Loam Soil (GA) STU Mesocosms Before Biomat Formation. 

Bars represent one standard deviation. Shaded area indicates period of bacteria addition. 
Horizontal dashed line indicates initial concentration of bacteria added. Vertical dotted line indicates addition of tap water. 

Values ≤1 were assigned a value of 1. 
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Figure D-7. Mean (n=3) Concentration of GFP E. coli in Drainage Water 

from Clay Loam Soil (GA) STU Mesocosms After Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. 

Horizontal dashed line indicates initial concentration of bacteria added. Values ≤1 were assigned a value of 1. 
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D.1.2.2 Evaluation of the Fate of MS-2 Coliphage in STU Mesocosms 
Sandy Soil MS-2 coliphage was added to the mesocosms at an initial concentration of 3 x 105 
pfu mL-1 STE coincident with dosing over a 37-hr period. A maximum of 1.1 x 103 pfu mL-1 
were observed leaving the 4 cm depth at 41 hr (Figure D-8) and declined to the detection limit by 
689 hr. Four coliphage per mL-1 were detected in one replicate at the 14.5 cm depth four days 
after the addition, and no coliphage were detected in the 25 cm drainage water at any time. Tap 
water was added to the mesocosms 528 hr after the initial addition of coliphage, and a slight 
increase in virus concentration leaving the 4 cm mesocosm was seen at 1.5 hr.  

MS-2 coliphage was again added to the sandy soil mesocosms 29 weeks after STE dosing 
began at an initial concentration of 2 x 105 pfu mL-1 STE coincident with STE dosing over a 37-
hr period. Coliphage levels peaked at 5.4 x 102 at 17 hr in water draining from the 4 cm 
mesocosm depth, and the detection limit was reached by 306 hr. Coliphage were only detected at 
41 hr at a level of 1.7 x 101 pfu mL-1 in water draining from the 14.5 cm depth and were never 
observed exiting the 25 cm mesocosm (Figure D-9). 
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Figure D-8. Mean (n=3) Concentration of MS-2 Coliphage in Drainage Water from 

Sandy Soil (RI) STU Mesocosms Before Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. 

Horizontal dashed line indicates initial concentration of bacteria added. Vertical dotted line indicates addition of tap water. 
Values ≤1 were assigned a value of 1. 
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Figure D-9. Mean (n=3) Concentration of MS-2 Coliphage in Drainage Water from 

Sandy Soil (RI) STU Mesocosms After Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 

concentration of bacteria added. Vertical dotted line indicates addition of tap water. Values ≤1 were assigned a value of 1. 

 

Sandy Loam Soil Coliphage was added to the sandy loam soil mesocosms eight weeks and 23 
weeks after STE dosing began. MS-2 coliphage was added at a concentration of 2 x 105 pfu mL-1 
STE 192 hr after STE dosing began. At 17 hr, virus levels from the 4 cm depth peaked at 6.8 x 
102 pfu mL-1 drainage water declining to BDL by 426 hr. Levels from the 14.5 cm depth peaked 
at 7.0 x 101 pfu mL-1 at 41 hr and reached the detection limit by 90 hr; virus concentrations 
above the detection limit were not observed in water from the 25 cm depth (Figure D-10). Tap 
water (3.9 cm) was added 312 hr after the addition experiment began and an increase in virus 
concentrations in drainage water was not observed.  

After the formation of a biomat (23 weeks), coliphage was again added at a concentration 
of 2.9 x 105 pfu mL-1 STE. Virus concentrations reached a maximum of 1.1 x 103 pfu mL-1 at 13 
hr in drainage water from the 4 cm depth, reaching the detection limit by 254 hr; 6.5 x 102 pfu 
mL-1 at 37 hr in drainage water from the 14.5 cm depth, again reaching the detection limit by 254 
hr; and no coliphage were observed from the 25 cm depth at any time (Figure D-11). 
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Figure D-10. Mean (n=3) Concentration of MS-2 Coliphage in Drainage Water from 

Sandy Loam Soil (CO) STU Mesocosms Before Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 

concentration of bacteria added. Vertical dotted line indicates addition of tap water. Values ≤1 were assigned a value of 1. 
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Figure D-11. Mean (n=3) Concentration of MS-2 Coliphage in Drainage Water from 

Sandy Loam Soil (CO) STU Mesocosms After Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 

concentration of bacteria added. Vertical dotted line indicates addition of tap water. Values ≤1 were assigned a value of 1. 

 

Clay Loam Soil Coliphage was added at a concentration of 2.8 x 105 pfu mL-1 STE 5 weeks after 
STE dosing began in the clay loam soil. A maximum level of 2.4 x 102 pfu mL-1 in water 
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draining from the 4 cm mesocosm was reached 13 hr after dosing began, reaching the detection 
limit by 350 hr. An average of 2 pfu mL-1 was observed at 13 hr in water draining from the 14.5 
cm mesocosm. At all other times, coliphage levels remained BDL. Coliphage was not observed 
exiting from the 25 cm depth at any time (Figure D-12). Tap water was added 360 hr after 
coliphage addition, but no coliphage was observed exiting the mesocosms.  

Twenty-three weeks after STE dosing began, MS-2 coliphage was again added at a 
concentration of 1.8 x 105 pfu mL-1 STE. Maximum concentrations of 1.4 x 102 and 4 pfu mL-1 
were reached at 37 hr in drainage water from 4 cm and 14.5 cm respectively. Coliphage was 
never observed exiting the 25 cm mesocosm depth, and by 61 hr concentrations exceeding the 
detection limit were not observed in any depth (Figure D-13). 
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Figure D-12. Mean (n=3) Concentration of MS-2 Coliphage in Drainage Water from Clay Loam Soil (GA) 
STU Mesocosms Before Biomat Formation. 

Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 
concentration of bacteria added. Vertical dotted line indicates addition of tap water. Values ≤1 were assigned a value of 1. 
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Figure D-13. Mean (n=3) Concentration of MS-2 Coliphage in Drainage Water from 

Clay Loam Soil (GA) STU Mesocosms After Biomat Formation. 
Bars represent one standard deviation. Shaded area indicates period of bacteria addition. Horizontal dashed line indicates initial 

concentration of bacteria added. Vertical dotted line indicates addition of tap water. Values ≤1 were assigned a value of 1. 

 

D.1.2.3 Survival of GFP E. coli in Soil and STE 
Sandy Soil GFP E. coli were added to sandy soil at an initial concentration of 2.2 x 104 cfu per 
gram of soil. Immediate extraction and enumeration (Day=0) yielded concentrations of 6.8 x 103 
cfu g-1 soil in non-sterile soil and 4.2 x 103 cfu g-1 soil in sterile soil (Figure D-14). 
Concentrations of GFP E. coli then declined to BDL of 10 cfu g-1 soil over 16 days in non-sterile 
soil. In sterile soil detection limits were reached on Days 3 and 6, but on Day 9 concentrations 
increased to 9 x 101 cfu g-1 soil, declining again to BDL by Day 16. 
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Figure D-14. Mean (n=3) Concentration of GFP E. coli Surviving in Sterile and Non-sterile Sandy Soil (RI). 
Bars represent one standard deviation. Horizontal dashed line indicates initial concentration of bacteria added. 

Values ≤ 10 were assigned a value of 1. 

 

Sandy Loam Soil Sandy loam soil was amended with GFP E. coli at an initial 
concentration of 1.2 x 106 cfu g-1 soil. Initial extraction on Day 0 yielded concentrations of 4.5 x 
105 cfu g-1 non-sterile soil and 3.7 x 105 cfu g-1 sterile soil (Figure D-15). GFP E. coli 
concentrations in non-sterile soil declined steadily to 1.2 x 102 cfu g-1 soil over 21 days, while 
concentrations in sterile soil increased to 6.8 x 107 cfu g-1 soil by Day 4, remaining above 106 cfu 
g-1 soil over the 21-day sampling period. 
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Figure D-15. Mean (n=3) Concentration of GFP E. coli Surviving in Sterile and Non-sterile Sandy Loam Soil (CO). 

Bars represent one standard deviation. Horizontal dashed line indicates initial concentration of bacteria added. 
Values ≤ 10 were assigned a value of 1. 
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Clay Loam Soil Fluorescent E. coli were added to clay loam soil at an initial concentration of 1.4 
x 105 cfu g-1 soil, with immediate extraction yielding only 5.3 x 101 cfu g-1 on-sterile soil and 3.3 
cfu g-1 sterile soil (Figure D-16). Concentrations BDL were seen in both soils on Days 1 and 2.  
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Figure D-16. Mean (n=3) Concentration of GFP E. coli Surviving in Sterile and Non-sterile Clay Loam Soil (GA). 

Bars represent one standard deviation. 
Horizontal dashed line indicates initial concentration of bacteria added. 

Values ≤ 10 were assigned a value of 1. 

 

STE STE was amended with GFP E. coli at initial concentrations of 4.8 x 102 cfu mL-1 or 5.2 x 
106 cfu mL-1. Immediate enumeration (Day 0) produced concentrations close to initial levels 
(Figure D-17). In the treatment with lower concentration, GFP E. coli declined to BDL by Day 3, 
while the higher concentration treatment declined to 1.6 x 101 cfu mL-1 by Day 10.  
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Figure D-17. Mean (n=3) Concentration of GFP E. coli Surviving in Wastewater When Added at Different Concentrations. 

Bars represent one standard deviation. Horizontal dashed lines indicate initial concentrations of bacteria added. 
Values ≤ 1 were assigned a value of 1. 

 

D.1.2.4 Survival of MS-2 Coliphage in Soil and STE 
Sandy Soil MS-2 coliphage were added to sandy soil at an initial concentration of 1.0 x 104 pfu 
g-1 soil. Extraction and enumeration at Day 0 gave concentrations of 3.8 x 103 pfu g-1 non-sterile 
soil and 2.0 x 103 pfu g-1 sterile soil, declining to BDL of 10 pfu g-1 soil in both treatments on 
Day 1 (Figure D-18). However, Days 2 and 3 had concentration of MS-2 coliphage on the order 
of 102 pfu g-1 soil, declining again to BDL by Day 8. 
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Figure D-18. Mean (n=3) Concentration of MS-2 Coliphage Surviving in Sterile and Non-sterile Sandy Soil (RI). 

Bars represent one standard deviation. Horizontal dashed line indicates initial concentration of bacteria added. 
Values ≤ 10 were assigned a value of 1. 
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Sandy Loam Soil Coliphage were added to sandy loam soil at an initial concentration of 2.6 x 
104 pfu g-1 soil. In sterile soil only 2.7 x 102 pfu g-1 soil were immediately extractable, while in 
non-sterile soil, 5.6 x 103 pfu g-1 soil were immediately extractable (Figure D-19). By Day 21, 
sterile soil contained 1.5 x 103 pfu g-1 soil, and non-sterile soil contained 1.7 x 102 pfu g-1 soil.  
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Figure D-19. Mean (n=3) Concentration of MS-2 Coliphage Surviving in Sterile and Non-sterile Sandy Loam Soil (CO). 

Bars represent one standard deviation. Horizontal dashed line indicates initial concentration of bacteria added. 
Values ≤ 10 were assigned a value of 1. 

 

Clay Loam Soil MS-2 coliphage were added to clay loam soil at an initial concentration 
of 2.4 x 104 pfu g-1 soil. Immediate extraction yielded concentrations of 9.7 x 102 pfu g-1 non-
sterile soil and 1.9 x 104 pfu g-1 sterile soil (Figure D-20). Concentrations BDL were seen on all 
subsequent days.  
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Figure D-20. Mean (n=3) Concentration of MS-2 Coliphage Surviving in Sterile and Non-sterile Clay Loam Soil (GA). 

Bars represent one standard deviation. Horizontal dashed line indicates initial concentration of bacteria added. 
Values ≤ 10 were assigned a value of 1. 
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STE Coliphage was added to STE at concentrations of 2.3 x 102 pfu mL-1 and 4.4 x 106 pfu mL-1. 
Immediate enumeration gave concentrations BDL for the low initial concentration and of 5.0 x 
103 for the higher initial concentration (Figure 21). Concentrations of coliphage increased after 
Day 0 in the low concentration treatment but remained below 1.3 x 101 cfu mL-1. In the high 
concentration treatment, coliphage increased by Day 2 to 3.0 x 105, decreasing afterwards to 4.3 
x 103 by Day 10. 
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Figure D-21. Mean (n=3) Concentration of MS-2 Coliphage Surviving in Wastewater 

When Added at Different Concentrations. 
Bars represent one standard deviation. Horizontal dashed lines indicate initial concentrations of coliphage added. 

Values ≤ 1 were assigned a value of 1. 

 

D.1.3 Summary 
Table D-2 shows the measured infiltration rates (cm min-1) of the three soils before and 

after biofilm formation. These tests were conducted by applying the same volume of water at the 
same rate as during the dosing of the columns with microbial matter. The infiltration rate prior to 
the formation of a biofilm was lower for the sandy soil from RI (0.35 cm min-1) than for the 
structured clay loam from GA (5.92 cm min-1). No tests were carried out with the CO sandy 
loam. The measured infiltration rates for sandy soil from RI prior to the biofilm formation are 
similar to literature values (van Genuchten, 1980) (Table D-1). However, the structured clay 
loam soil from GA exhibited a measured infiltration rate three order of magnitude higher than 
the literature value. This difference is likely due to observed macroscopic heterogeneities in the 
structured clay that provide preferential pathways for the aqueous phase. 

After the biofilm matured the infiltration rate decreased between 2 and 16 times in order 
from GA clay loam to CO sandy loam to RI sand. The largest decrease was observed in the soil 
that apparently had the highest initial infiltration rate (i.e., sandy soil from RI). 
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Table D-2. Experimentally Determined Infiltration Rates (cm min-1) and Literature Values.  
Reported are averages of three tests, after Van Genuchten (1980). 

Infiltration Rate Tests  RI CO GA 
Before biofilm developed 0.347 NA 5.92 

After biofilm matured 0.022 0.70 2.65 
Literature 0.447 0.027 0.006 

 

The magnitude of the naturally occurring decay of the microbe concentration is expressed 
by the first-order die-off rate (hr-1). The results of the die-off experiments are summarized in 
Table D-3. According to these results, E. coli die-off progressed fastest in the clay loam from 
GA and is about one order of magnitude slower in the sandy loam from CO. The die-off rate in 
the sandy soil from RI is about five times lower than the GA soil and similar to the die-off rate in 
septic tank effluent (STE) that was not in contact to any soil. 

In case of MS-2 coliphage, the fastest die-off was again measured in the GA soil, 
followed by the soils from CO and RI. The die-off in STE was the slowest. Relative to each 
other, E. coli and MS-2 die-off rates in each soil were similar. These findings indicate that 
microbes, particularly viruses, must be expected to survive in greater numbers in the aqueous 
STE phase. However, once in contact with the soil, both virus and bacteria die-off accelerates. 
Overall, of all three soils tested the GA clay loam is most effective in removing microbial matter.   

Table D-3. Results of the E. coli and MS-2 Die-off Experiments. 

Experimental Condition Rate (hr-1) Coefficient of Determination (R2) 
E. coli 

RI-soil -0.0617 0.791 
CO-soil -0.0298 0.965 
GA-soil -0.2476 0.965 

STE -0.0824 0.891 
MS-2 

RI-soil -0.0425 0.738 
CO-soil -0.0731 0.869 
GA-soil -0.2101 0.958 

STE -0.0271 0.665 
 

Inspection of the column experimental data plotted with time reveals the following: 

♦ E. coli and MS-2 concentrations decreased with depth by at least 2 to 3 orders of 
magnitude.  

♦ In the presence of a mature biofilm, MS-2 concentrations at 25 cm depth were BDL in all 
three soils. 

♦ In sandy soil from RI, E. coli concentrations declined much more rapidly after the biofilm 
layer matured. In the other two soils, there was little difference between experiment 
before and after biofilm formation. 

Probably the most important observation from the column tests is that the virus (MS-2 
coliphage) concentrations in all three soils were BDL at 25 cm depth level, whereas bacteria still 
eluted from the soils. It is evident that the design of STUs should primarily focus on bacteria 
removal as those appear to be transported farther downwards than viruses. Hence, the following 
analysis with the HYDRUS software package concentrates on the transport and fate of bacteria.   
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D.2 Modeling Laboratory Experiments with HYDRUS 
HYDRUS versions are available for one-, two- and three-dimensional transport 

modeling, including simulation of microbial transport and fate processes, such as the transport of 
viruses, colloids, and/or bacteria by either attachment/detachment theory or filtration theory. The 
hydraulics of each column system were first described using the CXTFIT 2.1 model (Toride et 
al., 1995) to obtain the flow field dispersivity and the aqueous phase flow velocity from the 
breakthrough curve of a conservative tracer (potassium bromide). The results of the microbe 
transport and fate studies were then modeled using the HYDRUS (Ver. 1.10) software package 
(Šimůnek et al., 2006). 

D.2.1 Model Domain 
The modeling effort using HYDRUS was a step-by-step process. First, a 2D columnar 

hydraulic model domain was developed. This model closely resembled the experimental 
conditions of the E. coli and MS-2 coliphage column experiments described in Section D.1. That 
is, the model boundary on top of the flow domain was open to the atmosphere, permitting pulsed 
injections of microbial and conservative tracer (bromide) into an initially unsaturated columnar 
environment. The bottom boundary was set at a fixed negative pressure head (-70 cm) to 
simulate drainage into the unsaturated zone beneath. No-flux boundaries define the system 
everywhere else. The flow and transport through soil was modeled either with or without a 4 cm 
thick biofilm/gravel layer on top. The properties of the porous materials were obtained from the 
HYDRUS soil catalog (van Genuchten, 1980). Based on literature data, the diameter of E. coli 
was set at 1.1 μm and 0.025 μm for the MS-2 coliphage.  

The model was calibrated using the conservative tracer (bromide) breakthrough curves. 
Figure D-22 illustrates the bromide results for sandy soil from RI for the fit obtained for each of 
the three soil column depth intervals sampled (0-4 cm, 4-10.5 cm, and 10.5-25 cm). The code 
CXTFIT 2.1 was used to determine the column system dispersivity (λ). The model was then 
fitted to the experimental bacteria and virus transport data using the HYDRUS 
attachment/detachment module.   
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Figure D-22. Bromide Tracer Test Results for Sandy Soil (RI) and Best Fit Obtained for Each of the 

Three Soil Column Depth Intervals (0-4 cm, 4-10.5 cm, and 10.5-25 cm). 

 

D.2.2 Attachment-Detachment Model 
Virus and bacteria transport and fate models commonly employ a modified form of the 

convection-dispersion equation (Šimůnek et al., 2006). In this study the mass balance equation 
for these applications is: 
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where c and s are the (virus, bacteria) solution concentration [Nc L-3] and the solid phase 
(virus, bacteria) concentration [Nc L-3], respectively. Subscripts e and 1 represent equilibrium and 
kinetic sorption sites. Nc is a number of microbial particles, and μw and μs  represent inactivation 
and degradation processes (die-off) in the liquid and solid phases, respectively. Dw

ij is the 
dispersion coefficient for the liquid phase [L2T-1], θ is the volumetric water content [L3L-3], and ρ 
is the bulk density of porous medium [ML-3]. Parameters μw and μs  are used as fitting variables. 
Mass transfer between the aqueous and both solid kinetic phases can be described as: 

skck
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da ρψθρ −=
∂
∂  (D.2.2-2) 

were ka is the first-order attachment coefficient [T-1] and kd the first-order detachment 
coefficient [T-1]. The colloid retention function (Ψ) was not activated, i.e., was set to unity. 
According to Šimůnek et al., (2006), the attachment and detachment coefficients have been 
found to strongly depend upon water content, with attachment significantly increasing as the 
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water content decreases. Linear adsorption kinetics were assumed. The chemical non-equilibrium 
model was used with 50% of all sorption sites assumed to sorb instantaneously and the other 
50% are governed by kinetic sorption. 

D.2.3 Modeling Results 
The best-fit simulations of the column bacteria and virus test data are depicted in Figures 

D-23 to D-27. Included are the experimental data and the model fit, both as “normal-normal” and 
“log-normal” graphs to emphasize the two principle parts of these experiments, i.e., early “high” 
concentration breakthrough, followed by a tailing phase characterized by “low” microbe 
concentrations. The graphs are organized by showing the results from the shallowest sample port 
(4 cm) on top, followed by the second sample port (10.5 cm) and the third port at 25 cm on the 
bottom of each page. 

More weight was given to fitting breakthrough curves at the deeper port because the data 
from greater treatment depths are assumed to be more critical for the performance 
characterization onsite wastewater treatment systems – either during the subsequent simulation 
using the trench model or in real-world systems. Further, the apparent oscillations of the 
simulation are not a modeling artifact, but a reflection of the 12-hr periodic dosing of the trench 
system which causes detachment/attachment cycles. 

Note that that no MS-2 coliphage column experiments were simulated except for the 
sandy RI soil before biofilm formation because little to no MS-2 breakthrough was observed at 
the lower ports which makes fitting of the model to the data meaningless. Also, an attempt was 
made to simulate the E. coli transport in column experiments with structured clay from GA. As 
the simulation results for the pre-biofilm experiments show, no good fit could be obtained 
attributed to preferential flow conditions that prevail in this soil. The current trench model, 
however, cannot adequately capture preferential flow. More work is required to address the 
preferential flow phenomenon. Finally, the post-biofilm transport of E. coli was simulated for the 
sandy RI soil data. Based on visual observations during the column experiment, it was assumed 
that the differences between pre- and post-biofilm experiments (i.e., lower E. coli concentrations 
in the post-biofilm data set) were solely due to changes in the uppermost 4 cm of the column 
modeling domain. The fit obtained was fairly good for the middle sample port, but 
underestimated the effluent concentrations in the lowest port. Again, more work is needed to 
investigate the reasons for this. 

Given these limitations, including the modeling MS-2 transport and the E. coli transport 
in structured materials, no attempted was made to further extrapolate the data to the trench 
model. However, the overall fit of E. coli data to the model prior to biofilm formation, together 
with the much higher effluent concentrations during these experiments, provided for a 
meaningful simulation of bacteria transport within the trench model domain. 
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Figure D-23. Experimental E. coli Data and Best-Fit Using the HYDRUS Attachment/Detachment Module 

for Sandy Soil (RI) before Biofilm Formation. 
Top graph is 4 cm depth, middle graph is 10.5 cm depth, and bottom graph is 25 cm depth. 

Data plotted in “log-normal” format to emphasize the tailing phase. 
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Figure D-24. Experimental E. coli Data and Best-Fit Using the HYDRUS Attachment/Detachment Module 

for the Sandy Soil from RI After Biofilm Formation.  
Graph on top shows the results for the sample port at 4 cm depth, middle: sample port at 10.5 cm, bottom: sample port at 25 cm. 

Insert: data plotted in “log-normal” format to emphasize the tailing phase. 
Notice that in the lower graph, E. coli concentrations are underestimated. 
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Figure D-25. Experimental E. coli Data and Best-Fit Using the HYDRUS Attachment/Detachment Module 

for the Sandy Loam Soil from CO Before Biofilm Formation.  
Graph on top shows the results for the sample port at 4 cm depth, middle: sample port at 10.5 cm, bottom: sample port at 25 cm. 

Insert: data plotted in “log-normal” format to emphasize the tailing phase. 
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Figure D-26. Experimental E. coli Data and Best-Fit Using the HYDRUS Attachment/ Detachment Module 

for the Clay Loam Soil from GA Before Biofilm Formation.  
Graph on top shows the results for the sample port at 4 cm depth, middle: sample port at 10.5 cm, bottom: sample port at 25 cm. 
Insert: data plotted in “log-normal” format to emphasize the tailing phase. Notice the early breakthrough due to preferential flow. 
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Figure D-27. Experimental MS-2 Coliphage Data and Best-Fit Using the HYDRUS Attachment/Detachment Module 

for the Sandy Soil from RI Before Biofilm Formation.  
Graph on top shows the results for the sample port at 4 cm depth, middle: sample port at 10.5 cm, bottom: sample port at 25 cm. 

Insert in top graph: data plotted in “log-normal” format to emphasize the tailing phase. 
Note the almost complete absence of MS-2 in the deeper sample ports. 
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D.3 Modeling Microbial Transport with HYDRUS 
The modeling with HYDRUS is described in detail in Section D.2. Briefly, the best-fit 

transport parameters were first determined from the column experiments. These parameters were 
then imported into a model that simulated a trench STU with pulsed pumping (twice daily for 
one hour). The trench model was run under steady state conditions, and was stressed by 
increasing or decreasing modeling parameters. The response of the trench model was examined 
at six observation points beneath the pipe (10 cm, 17 cm, 23.3 cm, 42 cm, 70 cm, and 105 cm). 
The following scenarios were simulated: 

♦ Variable hydraulic conductivity (RI) 

♦ Variable initial E. coli concentration (RI) 

♦ Variable HLR (RI and CO) 

♦ Variable precipitation or irrigation from the surface (RI) 
The HYRUS modeling effort focused on simulating the microbe transport before biofilm 

formation. The rationale for this approach was that the once a biofilm formed, microbe removal 
was either similar to or more effective compared to pre-biofilm conditions. Therefore, under 
“real world” conditions, OWTS designers have to be most cautions in regards to microbial 
transport with newly installed systems that have not yet developed a mature biofilm. Hence, the 
results summarized herein can be interpreted as a conservative approach to the design of new 
treatment systems. Once these systems mature, more efficient removal can be assumed. 

The sandy RI soil was examined in greater detail than the other two soils. One major 
reason was that the structured clay loam from GA could not be modeled because the preferential 
flow observed in the column experiments could not be adequately parameterized in HYDRUS. 
Also, the RI soil exhibited comparably slow microbe die-off characteristics (Table D-3) and for 
this reason was of greater interest to estimation of the response to system stresses.  

D.3.1 Effect of Variable Hydraulic Conductivity 
The trench model consisted of three materials (Figure D-28). Material 1 was one of the 

three soils. Material 2 was assumed to be gravel into which an infiltration pipe is embedded. The 
bottom of the pipe rests 15 cm above Material 3, which is the biofilm with a thickness of 2 cm. 
The bottom of the biofilm is 88 cm above the bottom of the unsaturated zone. The top of the 
trench model is equivalent to an unsealed surface, such as a lawn. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Toolkit User’s Guide 
 

D-29 

 
Figure D-28. Trench Model Material Distribution. 

 

The HYDRUS model provides a library of common soil properties, including their 
unsaturated hydraulic conductivity. These library values were selected as the Material 1 
properties and were assumed to be constant and not affected by clogging or other changes that 
could occur over the lifetime of the trench system. However, it is reasonable to assume that as a 
biofilm matures, the hydraulic conductivity of Material 2 and 3 will decrease with time. To 
simulate the response of decreasing hydraulic conductivity, its value was decreased from initially 
83.3 cm/hr for Material 2 and 0.017 cm/hr for material 3 by factors 10 and 100, respectively. The 
unlikely case that the hydraulic conductivity of the material increased was also simulated, 
assuming a 5 time greater value than initial. Modeling results are shown in Table D-4 and 
Figures D-29 and D-30. 

The results expectedly indicate that E. coli concentrations decrease with decreasing 
hydraulic conductivity. This is because slower infiltration provides more time for bacteria die-off 
to take effect. In terms of percentage reduction of E. coli concentration, 99.997% or greater 
removal was achieved at a depth of 42 cm. Higher removal percentages were associated with 
lower hydraulic conductivity values. 

Table D-4. Reduction in E. coli Concentration from RI Sandy Soil Modeling as a  
Function of Hydraulic Conductivity and Depth. 

Relative Hydraulic Conductivity 
Hydraulic Conductivity % Reduction by Depth below Infiltration Pipe 

Material 2 
(cm hr-1) 

Material 3 
(cm hr-1) 10 cm 17 cm 23.3 cm 42 cm 

5 416.5 0.0085 89.208% 95.188% 98.642% 99.997% 
1 83.3 0.0017 91.803% 95.905% 99.089% 99.998% 

0.1 8.33 0.00017 92.141% 98.981% 99.851% 100.000% 
0.01 0.833 0.000017 97.606% 100.000% 100.000% 100.000% 
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Figure D-29. E. coli Concentration in Sandy Soil (RI) as a Function of Variable Hydraulic Conductivities of Materials 2 and 3. 
The initial hydraulic conductivity of material 1 = 83.3 cm hr-1 and 0.017 cm hr-1 for material 3. Influent E. coli concentration = 105 

cfu mL-1. Concentrations shown for four observation points at increasing depths below the influent pipe. 

 

 
Figure D-30. Reduction of E. coli Concentration in Sandy Soil (RI) as a Function of Variable Hydraulic Conductivity and Depth. 

Legend numbers are initial hydraulic conductivity multipliers. 
Initial hydraulic conductivity of material 1 = 83.3. cm hr-1 and 0.017 cm hr-1 for material 3. Influent E. coli concentration = 105 cfu mL-1. 

 

D.3.2 Effect of Variable Initial E. coli Concentration 
The HYDRUS simulations were developed based on the column experiments where the 

initial E. coli concentration was 105 cfu mL-1. Although this is a typical E. coli concentration, 
higher concentrations may enter a treatment system if the number of infected people discharging 
to the system increases. Hence, the trench model was stressed with E. coli concentrations that 
were up to three orders of magnitude higher, i.e., up to 108 cfu mL-1. The results are summarized 
in Table D-5 and Figures D-31 and D-32. 

The results indicate that the rate of the reduction is independent of the influent E. coli 
concentration, i.e., higher influent concentrations are decaying at the same rate as lower 
concentrated influent. This result was expected because bacteria die-off was simulated using a 
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first-order reaction constant, which is independent of initial concentration. More important, the 
results demonstrate that a three order of magnitude reduction in E. coli concentration can be 
expected within the first 42 cm of treatment depth. Independent on initial concentration, the E. 
coli removal was complete at 70 cm depth (results not shown).  

Table D-5. Reduction in E. coli Concentration from RI Sandy Soil Modeling as a  
Function of Influent Concentration and Depth. 

Influent E. coli  
Concentration (cfu mL-1) 

% Reduction by Depth below Infiltration Pipe 
10 cm 17 cm 23.3 cm 42 cm 

1.E+05 91.803% 95.905% 99.089% 99.998% 
1.E+06 91.803% 95.905% 99.089% 99.998% 
1.E+07 91.803% 95.905% 99.089% 99.998% 
1.E+08 91.803% 95.905% 99.089% 99.998% 

 

 
Figure D-31. E. coli Concentration in Sandy Soil (RI) as a Function of Variable Influent E. coli Concentration (cfu mL-1). 

Model concentrations shown for four observation points at increasing depths below the influent pipe. 

 

 
Figure D-32. Reduction of E. coli Concentration in Sandy Soil (RI) as a 

Function of Variable Influent E. coli concentration (cfu mL-1). 
Model concentrations shown for four observation points at increasing depths below the influent pipe. 
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D.3.3 Effect of Variable Hydraulic Loading Rate 
The HLR of a treatment system is the volume of wastewater applied to the treatment 

system per time unit. For the trench model, an operational HLR of 0.424 cm hr-1 at the trench 
bottom was assumed. This HLR is equivalent to about 3 cm d-1 at the pipe level. Because 
variable HLR can be assumed to occur over the lifetime of any onsite wastewater treatment 
system, it was simulated how the trench model responds to increasing and decreasing HLR. A 
range of 50% lower to 170% higher HLRs were modeled. The results are shown in Table D-6 
and Figures D-33 and D-34 for the sandy RI soil. 

E. coli concentration decreased in a non-linear fashion with decreasing HLR, i.e., 
removal was relatively more efficient at lower HLR. Overall, removal at 42 cm depth was at 
least 99.979%, demonstrating that even if the design HLR is exceeded by 170%, the trench 
system is still removing E. coli quite effectively. Very similar results were obtained from 
simulating the sandy loam from CO (Table D-7 and Figures D-35 and D-36). Again, only 
minimal differences in the percentage removal efficiencies at all depth levels are indicated. 
Removal of 99.994% and above was achieved within 42 cm depth, indicating that higher initial 
influent concentrations can be tolerated by the treatment system. In terms of absolute 
concentrations, E. coli concentrations were less then 1 cfu mL-1 at 70 cm or deeper. 
 

Table D-6. Reduction in E. coli Concentration for Sandy Soil (RI) Modeling 
as a Function of the Hydraulic Loading Rate and Depth. 

HLR (cm hr-1) % Reduction by Depth below Infiltration Pipe 
10 cm 17 cm 23.3 cm 42 cm 

0.212 94.608% 98.649% 99.858% 100.000% 
0.424 91.803% 95.905% 99.089% 99.998% 
0.530 90.810% 94.952% 98.576% 99.994% 
0.635 90.049% 94.287% 98.152% 99.987% 
0.720 89.508% 93.842% 97.837% 99.979% 
 

 
 

Figure D-33. E. coli Concentration in Sandy Soil (RI) as a Function of Variable Hydraulic Loading Rate. 
Model concentrations shown for four observation points at increasing depths below the influent pipe. 
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Figure D-34. Reduction of E. coli Concentration in Sandy Soil (RI) as a Function of Variable Hydraulic Loading Rate (cm hr-1). 

Model concentrations shown for four observation points at increasing depths below the influent pipe. 

 
Table D-7. Reduction in E. coli Concentration for Sandy Loam Soil (CO) Modeling 

as a Function of the Hydraulic Loading Rate and Depth. 

HLR (cm hr-1) % Reduction by Depth below Infiltration Pipe 
10 cm 17 cm 23.3 cm 42 cm 

Influent E. coli Concentration = 105 cfu mL-1 
0.212 87.052% 96.132% 99.753% 100.000% 
0.424 81.743% 91.562% 98.654% 100.000% 
0.530 80.013% 90.037% 97.981% 99.999% 
0.635 78.581% 88.975% 97.418% 99.997% 
0.720 77.846% 88.424% 97.019% 99.994% 

Influent E. coli Concentration = 5.9×106 cfu mL-1 
0.212 87.047% 96.132% 99.753% 100.000% 
0.424 81.745% 91.566% 98.654% 100.000% 
0.530 80.027% 90.043% 97.980% 99.999% 
0.635 78.581% 88.988% 97.420% 99.997% 
0.720 77.851% 88.415% 97.018% 99.994% 

 



  D-34 

 
Figure D-35. E. coli Concentration in Sandy Loam Soil (CO) as a Function of 

Variable Hydraulic Loading Rate and Initial E. coli Influent Concentration = 1×105 cfu mL-1. 
Model concentrations shown for four observation points at increasing depths below the influent pipe. 

 

 
Figure D-36. Reduction of E. coli Concentration in Sandy Loam Soil (CO) as a Function of 

Variable Hydraulic Loading Rate (cm hr-1) and Initial E. coli Influent Concentration = 1×105 cfu mL-1. 
Model concentrations shown for four observation points at increasing depths below the influent pipe. 

 

In addition, the CO sandy loam trench system was not only modeled with an influent 
concentration of 105 cfu mL-1, but also with a higher concentration of 5.9×106 cfu mL-1. These 
simulations were carried out to investigate the response to higher influent bacteria concentration 
in addition to variable HLR (Figures D-37 and D-38). 
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Figure D-37. E. coli Concentration in Sandy Loam Soil (CO) as a Function of Variable Hydraulic Loading Rate (cm hr-1) 

and Initial E. coli Influent Concentration = 5.9×106 cfu mL-1. 
Model concentrations shown for four observation points at increasing depths below the influent pipe. 

 

 
Figure D-38. Reduction of E. coli Concentration in Sandy Loam Soil (CO) as a Function of Variable Hydraulic Loading 

Rate (cm hr-1) and Initial E. coli Influent Concentration = 5.9×106 cfu mL-1. 
Model concentrations shown for four observation points at increasing depths below the influent pipe. 

 

D.3.4 Variable Precipitation or Irrigation 
STUs are also affected by percolating water from precipitation and/or irrigation events. 

This additional inflow of water from the surface may influence the overall performance of the 
treatment system, i.e., enhanced infiltration may cause microbial matter to be transported faster 
and possibly deeper into the subsurface. To investigate this stress scenario on the STU, various 
infiltration events over a 17.5 days period were simulated (Table D-8).  
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Table D-8. Infiltration Patterns Used to Represent Stresses the Trench STU. 

Scenario Infiltration Pattern 
5 cm 2.5 cm hr-1 for two hours on day 12.  
10 cm 1 cm hr-1 for five hours on day 1 followed by 2.5 cm hr-1 for two hours on day 12.   
15 cm 1 cm hr-1 for five hours on day 1 followed 0.5 cm hr-1 for ten hours on days 4 followed by 2.5 cm hr-1 for two 

hours on day 12.  
25 cm 1 cm hr-1 for five hours on day 1 followed 0.5 cm hr-1 for ten hours on days 4 and 8 followed by 2.5 cm hr-1 for 

two hours on day 12.   
35 cm 1 cm hr-1 for five hours on day 1 followed 0.5 cm hr-1 for ten hours on days 2, 4, 6, 8, and 10 followed by 2.5 cm 

hr-1 for two hours on day 12. 
35 cm / HLR As scenario “35 cm” but with HLR increased 1.7 times (from 0.424 cm hr-1) 

 

Table D-9 summarizes the removal percentage for each scenario at constant HLR (0.424 
cm/hr). Figure D-39 shows the simulated E. coli concentrations for Scenario “35 cm/day” at 42 
cm depth. All four infiltration events clearly increased the E. coli concentration. However, the 
maximum increase was less than an order of magnitude and only lasted for a comparable short 
time. Similar results were observed during the column experiments when addition of water 
caused the microbe effluent to spike only minimally. In Figure D-40, the response of the trench 
system to high infiltration rates and increased HLR is shown (Scenarios “35 cm” and “35 
cm/HLR”). As expected the higher HLR caused lower reduction percentages at shallow depths, 
but at 42 cm depth bacteria removal was almost quantitative. No E. coli was observed at the 70 
cm or below.  

Table D-9. Reduction in E. coli Concentration for Sandy Soil (RI)  
as a Function of Variable Infiltration Patterns and Depth. 

Scenario % Reduction by Depth below Infiltration Pipe 
10 cm 17 cm 23.3 cm 42 cm 

5 cm 91.780% 95.904% 99.074% 99.997% 
10 cm 91.784% 95.907% 99.074% 99.996% 
15 cm 91.787% 95.907% 99.072% 99.996% 
25 cm 91.794% 95.928% 99.072% 99.995% 
35 cm 91.793% 95.938% 99.043% 99.991% 

 

 
Figure D-39. Response of the E. coli Concentration in Sandy Soil (RI) Scenario at 42 cm to Scenario “35 cm/HLR”. 
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Figure D-40. Reduction of E. coli Concentration in Sandy Soil (RI) as a Function of Surface Water Infiltration and HLR 

(cm hr-1). Light: Scenario “35 cm”, dark: Scenario “35 cm/HLR”. 

 

D.4 Summary of Laboratory Experiments Coupled with HYDRUS Modeling 
Results from the laboratory experiments coupled with numerical modeling using 

HYDRUS-2D suggest high microorganism removal could be attained in the STU. Even prior to 
the formation of a mature biofilm, bacteria removal is quantitative at depths exceeding 70 cm. 
The removal effectiveness varied only slightly under variably high stress conditions, with 
changes in the HLR having the greatest impact. However, specific simple tools could not be 
developed to address microorganism attenuation in the STU because attenuation relies on 
difficult to obtain field parameters. Specifically, to calibrate a numerical model requires: 1) 
conservative tracer test results, 2) lab column studies of microbial transport under unsaturated 
conditions, and 3) inactivation studies. In addition, even though laboratory experiments showed 
that the structured clay loam soil from GA efficiently removed bacteria from the aqueous phase, 
HYDRUS modeling could not be conducted due to preferential flow paths. Furthermore, 
structured soils with preferential flow paths requires further complexity within a numerical 
model to incorporate fractured flow which is not included in HYDRUS. Simulations were not 
conducted for the removal of MS-2 because the laboratory results indicated that the removal of 
MS-2 (viruses) was much more effective relative to E. coli. Hence, if one can model under which 
conditions the transport/removal of E. coli is efficient, then the MS-2 removal is at least as 
effective. Thus, the experiments and simulations clearly indicate that the design of STUs for 
microorganism attenuation should focus primarily on bacteria. 

The clear differences in factors controlling the fate of different types of pathogenic 
organisms found in STE presents a challenge for optimization of removal of these organisms in 
conventional STUs. For example, in principle, the use of soils with a sufficient amount of 
appropriate clay minerals would increase the probability of optimizing removal of viruses, 
bacteria and protozoa. However, soils with these properties are not evenly distributed in space, 
either requiring the use of engineered soils using imported clays minerals, or foregoing the 
benefits of virus removal in areas that lack appropriate clay minerals. However, the presence of 
high levels of clay minerals restricts infiltration, which would alternatively require an increase in 
the STU infiltrative surface area. Alterations in these design parameters also affect the 
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biogeochemical processes involved in removal of nutrients which may be of equal importance 
(based on treatment goals). 

Furthermore, field-scale evaluations of pathogen removal are scant, and they focus on a 
particular type of organism, with little or no consideration of other functions performed by the 
STU. To better assess overall STU performance, future research should integrate field evaluation 
of the role of system design and soil properties in determining removal of different types of 
enteropathogenic organisms within the context of other STU functions, such as infiltration and 
nutrient removal. These data could then be used in support of predictive mathematical models 
that describe the various functions of the STU in terms of design parameters and available 
information on soil properties. 
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This file includes the visual-graphic tools: nomographs, cumulative probability graphs, 
and scenario illustrations. Chapter 1.0 includes nomographs illustrating the fraction of total-
nitrogen remaining with depth. Chapter 2.0 includes cumulative probability graphs that illustrate 
the likely range of treatment outcomes. Chapter 3.0 includes HYDRUS simulation outputs that 
illustrate various operational scenarios. Finally, a list of visual-graphic tools is provided to aid in 
locating the visual-graphic tool of interest.  

This is a separate document that must be used in conjunction with the Guidance Manual 
and User’s Guide. The companion Guidance Manual is organized into four chapters describing 
the toolkit and providing guidance for tool selection and use. The fundamental assumptions that 
were incorporated and a detailed description of the tool development for these visual-graphic 
tools are provided in the companion User’s Guide. Additional tools provided as separate files 
include STUMOD and N-CALC as MicrosoftTM Excel files. 

In both the nomograph and the cumulative probability graphs, treatment information 
provided by these tools is based on data generated by numerical models that can incorporate 
complex and robust treatment and operating conditions. The parameters used for nomograph 
development are summarized in Table VG-1. Table VG-2 provides a definition for each 
parameter. Because the choices for representative OWTS conditions are limited, the user must 
decide how their OWTS system fits within the limited treatment estimations displayed by the 
graphics. Nomographs and cumulative probability graphs were developed for the following fixed 
operating conditions: 

♦ Effluent Quality 
o Standard Effluent = representative of septic tank effluent (STE) as 60 mg-N L-1 as 

ammonium-nitrogen plus 1 mg-N L-1 as nitrate-nitrogen 

o Nitrified Effluent = representative of aerobically treated STE to achieve nitrogen 
reduction and transformation as 15 mg-N L-1 as nitrate-nitrogen 

♦ Hydraulic Loading Rate (HLR) 
o 2 cm d-1 

o 5% Ksat 

♦ Regional Temperature Range 
o Frigid/Cryic = Average Range 0 to 8oC, Annual Mean 4.5oC 

o Mesic = Average Range 8 to 15oC, Annual Mean 11.5oC 

o Thermic = Average Range 15 to 22oC, Annual Mean 18.5oC 

o Hyperthermic = Average Range 22 to 29oC, Annual Mean 25.5oC 

 

 

INTRODUCTION 
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Table VG-1. STUMOD Input Parameters for Nomograph Development. 

Parameter Basis* Clay Clay loam Loam Loamy sand Sand Sandy clay Sandy clay loam Sandy loam Silt Silty clay Silty clay loam Silty loam 
Kb LV 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
BT LV 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
α PDM 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
HLR FI - - - - - - - - - - - - 
α1 LV 0.02 0.03 0.02 0.08 0.09 0.05 0.04 0.05 0.01 0.03 0.02 0.01 
α2 M-R 0.02 0.02 0.01 0.03 0.04 0.03 0.02 0.03 0.01 0.02 0.01 0.01 
Ks M-R 14.75 8.18 12.04 105.12 642.98 11.35 13.19 38.25 43.74 9.61 11.11 18.26 
θ1 M-R 0.10 0.08 0.06 0.05 0.05 0.12 0.06 0.04 0.05 0.11 0.09 0.06 
θ2 M-R 0.46 0.44 0.40 0.39 0.37 0.39 0.38 0.39 0.49 0.48 0.48 0.44 
n M-R 1.26 1.41 1.47 1.75 3.18 1.21 1.33 1.45 1.68 1.32 1.52 1.66 
m M-R 0.21 0.29 0.32 0.43 0.69 0.17 0.25 0.31 0.40 0.24 0.34 0.40 
l LV 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
ho LV 5.06 2.62 -6.46 -0.38 -9.95 4.76 4.76 2.35 -60.15 4.67 -5.11 -50.25 
cf CP 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Co NH4 FI - - - - - - - - - - - - 
Co NO3 FI - - - - - - - - - - - - 
Kr-max M-LV 56.00 56.00 56.00 56.00 56.00 56.00 56.00 56.00 56.00 56.00 56.00 56.00 
Km-nit  LV 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
e2 PDM 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 
e3 PDM 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 
β1 PDM 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 
fs PDM 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
fwp PDM 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
swp PDM 0.1537 0.1537 0.1537 0.1537 0.1537 0.1537 0.1537 0.1537 0.1537 0.1537 0.1537 0.1537 
sl PDM 0.6649 0.6649 0.6649 0.6649 0.6649 0.6649 0.6649 0.6649 0.6649 0.6649 0.6649 0.6649 
sh PDM 0.8087 0.8087 0.8087 0.8087 0.8087 0.8087 0.8087 0.8087 0.8087 0.8087 0.8087 0.8087 
T FI             
Topt1 LV 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
Topt2 LV 26.00 26.00 26.00 26.00 26.00 26.00 26.00 26.00 26.00 26.00 26.00 26.00 
*  Basis for Parameter Value Selected: 
FI= Fixed Input 
M-R= Mean value based on Schaap et al 2001. Rosetta program. 
LV= Literature value (Philip, J.R. 1969)  
CP= Calibration parameter 
M-LV=Median value based on literature 
PDM= Based on parameterization of Drainmod function using observed data 
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Table VG-1. STUMOD Input Parameters for Nomograph Development (continued). 

Parameter Basis* Clay Clay loam Loam Loamy Sand Sand Sandy clay Sandy clay loam Sandy loam Silt Silty clay Silty clay loam Silty loam 
Vmax M-LV 2.56 2.56 2.56 2.58 2.58 2.58 2.58 2.58 3.32 3.32 3.32 3.32 
Km-dnt LV 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
ednt PDM 3.77 3.77 3.77 2.87 2.87 2.87 2.87 2.87 3.87 3.87 3.87 3.87 
β2 PDM 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 
sdn PDM 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
kd LV 1.46 1.46 0.35 0.35 0.35 1.46 1.46 0.35 0.35 1.46 1.46 0.35 
fr CP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ρ LV 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
D FI - - - - - - - - - - - - 
*  Basis for Parameter Value Selected: 
FI= Fixed Input 
M-R= Mean value based on Schaap et al 2001. Rosetta program. 
LV= Literature value (Philip, J.R. 1969)  
CP= Calibration parameter 
M-LV=Median value based on literature 
PDM= Based on parameterization of Drainmod function using observed data 
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Table VG-2. STUMOD Input Parameters. 

Parameter Units Definition 
Biomat Parameters 

Kb cm d-1 Biomat hydraulic conductivity 
BT cm Biomat thickness 

Carbon Parameters 
α - An empirical exponent for carbon content adjustment (also referred to as C) 

Hydraulic Parameters 
HLR  cm d-1 Hydraulic loading rate 
α1 - Parameter α in Gradner's analytical equation for pressure distribution (also referred to as αG) 
α2 - Parameter α in the soil water retention function (also referred to as αVG) 
Ks cm d-1 Saturated hydraulic conductivity (also referred to as Ksat) 
θ1 - Residual soil moisture (also referred to as θr) 
θ2 - Saturated soil moisture (also referred to as θs) 
n - Parameter n in the soil water retention function 
m - Parameter m in the soil water retention function 
l - Tortusity parameter  
ho cm Pressure head at the infiltrative surface 
cf - Calibration coefficient for pressure distribution (a multiplier from 0 to 1.5) 

Effluent Quality Parameters 
Co-NH4 mg-N L-1 Effluent ammonium-nitrogen concentration 
Co-NO3 mg-N L-1 Effluent nitrate-nitrogen concentration 

Nitrification Parameters 
Kr-max  mg-N L-1 d-1 Maximum nitrification rate 
Km-nit  mg-N L-1 Half-saturation constant for ammonium-nitrogen 
e2 - Empirical exponent for nitrification 
e3 - Empirical exponent for nitrification 
β1 - Empirical coefficient for temperature function for nitrification (also referred to as βnit) 
fs - Value of the soil water response function at saturation 
fwp - Value of the soil water response function at wilting point 
swp - Relative saturation at wilting point 
sl - Relative saturation for biological process (lower limit) 
sh - Relative saturation for biological process (upper limit) 

Temperature Parameters 
T oC Soil temperature 
Topt1 oC Optimum soil temperature for nitrification (also referred to as Topt-nit(oC)) 
Topt2 oC Optimum soil temperature for denitrifcation (also referred to as Topt-dnt(oC)) 

Denitrification Parameters 
Vmax mg-N L-1 d-1 Maximum denitrification rate 
Km-dnt  mg-N L-1 Half-saturation constant for nitrate-nitrogen 
e-dnt  Empirical exponent for denitrification 
β2  An empirical coefficient for temperature function (also referred to as βdnt) 
sdn  A threshold relative saturation (dimensionless) 

Ammonium Sorption Parameters 
kd L kg-1 Adsorption Isotherm 
fr  Fraction of ammonium-nitrogen that remains sorbed on soil, calibration parameter (0 to 1) 
ρ kg L-1 Soil bulk density 

Target Depth for Output Displays 
D cm Soil depth 

Output Values at Target Depth 
C/Co NH4 mg-N L-1 Fraction of ammonium-nitrogen remaining at soil depth D 
C/Co TotN mg-N L-1 Fraction of total nitrogen remaining at soil depth D 

 

These nomographs are organized by soil texture then HLR and effluent quality. Each 
nomograph includes each of the four regional temperature regions. This enables the user to 
visually compare the effect of temperature, HLR and effluent quality on two adjoining pages 
(like an open book). To further illustrate the effect of effluent concentration, one series of 
nomographs was prepared for standard effluent at a HLR of 2 cm d-1. These nomographs show 
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the fraction of total nitrogen removed at 60 cm for all four different soil temperature regions 
based on different initial ammonium-nitrogen concentrations.  

Because there is uncertainty in each of the parameters listed in Table VG-1, Chapter 2.0 
includes cumulative probability graphs prepared as a result of the Monte Carlo simulations 
(User’s Guide, Section 2.2.2.1). Similar to the nomographs in Chapter 1.0, these cumulative 
probability graphs are sorted by soil texture, HLR and effluent quality. These graphs illustrate 
the associated uncertainty within estimated nitrogen removal illustrated in the nomographs. The 
information can be used to evaluate the probability associated with any particular treatment 
effectiveness, or provide an understanding of the variability based on key parameters (i.e., 
effluent quality, HLR, temperature). In this way, the cumulative probability graphs can help 
users make decisions based on their willingness to accept an agreed-upon level of quantified risk. 
Cumulative probability graphs include three different depths (30 cm, 60 cm and 120 cm) for a 
given soil texture, effluent type (standard or nitrified), and average annual soil temperature. 

Finally, a flexible tool capable of simulating complex conditions is necessarily quite 
complex. The tools developed and presented in this toolkit required general assumptions and 
simplifications (User’s Guide, Chapters 1.0, and 2.0). These assumptions and simplifications 
preclude the assessment of pollutant removal under certain design and environmental conditions 
including, subsurface heterogeneity, trench geometry, large multiple-trench systems, drip 
systems, or water table position. For toolkit users who do not wish to implement a complex 
model to assess the impacts of these conditions on STU performance, a series of different 
“scenarios” were simulated using HYDRUS-2D with model outputs generated for subsurface 
nitrogen concentrations, spatial treatment distributions, and mass-flux below a specified 
boundary illustrated.  

These qualitative scenario illustrations show the power of a numerical model, as well as 
provide some end-member treatment evaluations for the selected scenarios. Finally, all possible 
design and environmental conditions could not be realistically covered by numerical simulations. 
However, select scenarios were chosen because they represent typical systems under a range of 
conditions providing insight into different outcomes that might result. Table VG-3 summarizes 
the HYDRUS scenario simulations. Complete description of scenario development conditions 
can be found in the User’s Guide, Section 2.4. More importantly, the simulation outputs show 
the difference in nitrogen removal between two systems that have some common features, yet 
differ by a certain parameter, such as soil texture, effluent quality, HLR, or depth to 
groundwater. In this manner, comparison of the scenario outputs provides a qualitative 
assessment of the expected STU performance. 

The scenario output data sheets for trench simulations is similar to the drip simulations 
data sheet, with a slight difference; the calculation of nitrogen mass flux at the bottom of the 
domain refers to flux from a linear meter of trench, whereas the drip output refers to a mass flux 
resulting from one emitter. Mass flux in both cases is per day and provides understanding of the 
footprint from an STU rather than just an expected nitrogen concentration below the infiltrative 
surface. The total mass load to the environment may be of more concern than a specific 
concentration in environmentally sensitive locations, when setting TMDLs for a watershed, or 
for assessing the total nitrogen-contamination impact of cluster units. Such information can then 
be used to back calculate how many trenches could be utilized at a site without exceeding the 
desired treatment goal. 
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Table VG-3. Illustrated Scenario Simulations. 

Scenario 
Figure Soil Texture Effluent 

Quality HLR Groundwater 
Depth Illustrated Effect 

Trench System Scenarios 
VG-253 sand STE 2 cm/d deep (>90 cm) base case for comparison 
VG-254 sand STE 10% Ksat deep (>90 cm) high loading rate 
VG-255 sandy loam STE 2 cm/d deep (>90 cm) soil type  
VG-256 sandy loam STE 2 cm/d shallow (60 cm) soil type and high water table 
VG-257 sandy loam STE 2 cm/d deep (>90 cm)) soil type and closely spaced trenches 
VG-258 sandy loam STE 10% Ksat deep (>90 cm) soil type and high loading rate 
VG-259 silty clay STE 2 cm/d deep (>90 cm) soil type 
VG-260 silty clay STE 10% Ksat deep (>90 cm) soil type and high loading rate 

Drip System Scenarios 
VG-261 sand STE 7 min, 5x/d* shallow (60 cm) base case for comparison 
VG-262 sand STE 19 min, 5x/d shallow (60 cm) high loading rate 
VG-263 sand NE 7 min, 5x/d shallow (60 cm) effluent quality 
VG-264 sand NE 19 min, 5x/d shallow (60 cm) effluent quality and high loading rate 
VG-265 sandy loam STE 7 min, 5x/d shallow (60 cm) soil type 
VG-266 sandy loam STE 19 min, 5x/d shallow (60 cm) soil type and high loading rate 
VG-267 sandy loam NE 7 min, 5x/d shallow (60 cm) soil type and effluent quality 
VG-268 sandy loam NE 19 min, 5x/d shallow (60 cm) soil type, effluent quality, and high loading rate 
VG-269 silty clay STE 7 min, 5x/d shallow (60 cm) soil type 
VG-270 silty clay STE 7 min, 10x/d shallow (60 cm) soil type and high loading rate 
VG-271 silty clay NE 7 min, 5x/d shallow (60 cm) soil type and effluent quality 
VG-272 silty clay NE 7 min, 10x/d shallow (60 cm) soil type, effluent quality, and high loading rate 

*  All drip simulations at 0.65 gal/emitter/hr, dose time changed to increase HLR to soil. Additional drip scenarios provided because STUMOD is 
limited to assessing trench systems only. 
STE = septic tank effluent: 60 mg-N L-1 as ammonium-nitrogen  
NE = nitrified effluent: 15 mg-N L-1 as nitrate-nitrogen 

 

 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-11 

 
 
1.0 Nomographs: STUMOD Output for Fraction of Nitrogen Remaining in the Soil 

for Deep Water Tables 
VG-1 Clay Soil, Standard Effluent, HLR = 2 cm d-1 ........................................................ VG-22 
VG-2 Clay Soil, Standard Effluent, HLR = 5% of Ksat .................................................... VG-22 
VG-3 Clay Soil, Nitrified Effluent, HLR = 2 cm d-1 ........................................................ VG-23 
VG-4 Clay Soil, Nitrified Effluent, HLR = 5% of Ksat ..................................................... VG-23 
VG-5 Clay Loam Soil, Standard Effluent, HLR = 2 cm d-1 ............................................. VG-24 
VG-6 Clay Loam Soil, Standard Effluent, HLR = 5% of Ksat .......................................... VG-24 
VG-7 Clay Loam Soil, Nitrified Effluent, HLR = 2 cm d-1 .............................................. VG-25 
VG-8 Clay Loam Soil, Nitrified Effluent, HLR = 5% of Ksat........................................... VG-25 
VG-9 Loam Soil, Standard Effluent, HLR = 2 cm d-1 ...................................................... VG-26 
VG-10 Loam Soil, Standard Effluent, HLR = 5% of Ksat ................................................... VG-26 
VG-11 Loam Soil, Nitrified Effluent, HLR = 2 cm d-1....................................................... VG-27 
VG-12 Loam Soil, Nitrified Effluent, HLR = 5% of Ksat ................................................... VG-27 
VG-13 Loamy Sand Soil, Standard Effluent, HLR = 2 cm d-1 ........................................... VG-28 
VG-14 Loamy Sand Soil, Standard Effluent, HLR = 5% of Ksat ........................................ VG-28 
VG-15 Loamy Sand Soil, Nitrified Effluent, HLR = 2 cm d-1 ........................................... VG-29 
VG-16 Loamy Sand Soil, Nitrified Effluent, HLR = 5% of Ksat ........................................ VG-29 
VG-17 Sandy Soil, Standard Effluent, HLR = 2 cm d-1 ..................................................... VG-30 
VG-18 Sandy Soil, Standard Effluent, HLR = 5% of Ksat .................................................. VG-30 
VG-19 Sandy Soil, Nitrified Effluent, HLR = 2 cm d-1 ...................................................... VG-31 
VG-20 Sandy Soil, Nitrified Effluent, HLR = 5% of Ksat .................................................. VG-31 
VG-21 Sandy Clay Soil, Standard Effluent, HLR = 2 cm d-1 ............................................. VG-32 
VG-22 Sandy Clay Soil, Standard Effluent, HLR = 5% of Ksat ......................................... VG-32 
VG-23 Sandy Clay Soil, Nitrified Effluent, HLR = 2 cm d-1 ............................................. VG-33 
VG-24 Sandy Clay Soil, Nitrified Effluent, HLR = 5% of Ksat .......................................... VG-33 
VG-25 Sandy Clay Loam Soil, Standard Effluent, HLR = 2 cm d-1 .................................. VG-34 
VG-26 Sandy Clay Loam Soil, Standard Effluent, HLR = 5% of Ksat ............................... VG-34 
VG-27 Sandy Clay Loam Soil, Nitrified Effluent, HLR = 2 cm d-1 ................................... VG-35 
VG-28 Sandy Clay Loam Soil, Nitrified Effluent, HLR = 5% of Ksat ................................ VG-35 
VG-29 Sandy Loam Soil, Standard Effluent, HLR = 2 cm d-1 ........................................... VG-36 
VG-30 Sandy Loam Soil, Standard Effluent, HLR = 5% of Ksat ........................................ VG-36 
VG-31 Sandy Loam Soil, Nitrified Effluent, HLR = 2 cm d-1 ........................................... VG-37 
VG-32 Sandy Loam Soil, Nitrified Effluent, HLR = 5% of Ksat ........................................ VG-37 
VG-33 Silty Soil, Standard Effluent, HLR = 2 cm d-1 ........................................................ VG-38 
VG-34 Silty Soil, Standard Effluent, HLR = 5% of Ksat .................................................... VG-38 
VG-35 Silty Soil, Nitrified Effluent, HLR = 2 cm d-1 ........................................................ VG-39 
VG-36 Silty Soil, Nitrified Effluent, HLR = 5% of Ksat ..................................................... VG-39 
VG-37 Silty Clay Soil, Standard Effluent, HLR = 2 cm d-1 ............................................... VG-40 
VG-38 Silty Clay Soil, Standard Effluent, HLR = 5% of Ksat ............................................ VG-40 
VG-39 Silty Clay Soil, Nitrified Effluent, HLR = 2 cm d-1 ................................................ VG-41 
VG-40 Silty Clay Soil, Nitrified Effluent, HLR = 5% of Ksat ............................................ VG-41 
VG-41 Silty Clay Loam Soil, Standard Effluent, HLR = 2 cm d-1 ..................................... VG-42 
VG-42 Silty Clay Loam Soil, Standard Effluent, HLR = 5% of Ksat.................................. VG-42 

LIST OF VISUAL-GRAPHIC TOOLS 
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VG-43 Silty Clay Loam Soil, Nitrified Effluent, HLR = 2 cm d-1 ..................................... VG-43 
VG-44 Silty Clay Loam Soil, Nitrified Effluent, HLR = 5% of Ksat .................................. VG-43 
VG-45 Silty Loam Soil, Standard Effluent, HLR = 2 cm d-1 ............................................. VG-44 
VG-46 Silty Loam Soil, Standard Effluent, HLR = 5% of Ksat .......................................... VG-44 
VG-47 Silty Loam Soil, Nitrified Effluent, HLR = 2 cm d-1 .............................................. VG-45 
VG-48 Silty Loam Soil, Nitrified Effluent, HLR = 5% of Ksat........................................... VG-45 
VG-49 Total Nitrogen Removal at 60 cm, Clay Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-46 
VG-50 Total Nitrogen Removal at 60 cm, Clay Loam Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-46 
VG-51 Total Nitrogen Removal at 60 cm, Loam Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-47 
VG-52 Total Nitrogen Removal at 60 cm, Loamy Sand Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-47 
VG-53 Total Nitrogen Removal at 60 cm, Sandy Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-48 
VG-54 Total Nitrogen Removal at 60 cm, Sandy Clay Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-48 
VG-55 Total Nitrogen Removal at 60 cm, Sandy Clay Loam Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-49 
VG-56 Total Nitrogen Removal at 60 cm, Sandy Loam Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-49 
VG-57 Total Nitrogen Removal at 60 cm, Silty Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-50 
VG-58 Total Nitrogen Removal at 60 cm, Silty Clay Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-50 
VG-59 Total Nitrogen Removal at 60 cm, Silty Clay Loam Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-51 
VG-60 Total Nitrogen Removal at 60 cm, Silty Loam Soil, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-51 
 
 
2.0 Cumulative Probability Graphs: STUMOD Monte Carlo Simulation Results for 

Deep Water Tables 
VG-61 Clay Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-54 
VG-62 Clay Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-54 
VG-63 Clay Soil, Mesic Temperature Region, Standard Effluent, HLR = 2 cm d-1 .......... VG-55 
VG-64 Clay Soil, Mesic Temperature Region, Standard Effluent, HLR = 5% of Ksat ....... VG-55 
VG-65 Clay Soil, Thermic Temperature Region, Standard Effluent, HLR = 2 cm d-1 ...... VG-56 
VG-66 Clay Soil, Thermic Temperature Region, Standard Effluent, HLR = 5% of Ksat ... VG-56 
VG-67 Clay Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-57 
VG-68 Clay Soil, Hyperthermic Temperature Region, Standard Effluent, 

HLR = 5% of Ksat .................................................................................................... VG-57 
VG-69 Clay Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-58 
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VG-70 Clay Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................... VG-58 

VG-71 Clay Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1........... VG-59 
VG-72 Clay Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat ....... VG-59 
VG-73 Clay Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1 ....... VG-60 
VG-74 Clay Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat ... VG-60 
VG-75 Clay Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-61 
VG-76 Clay Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-61 
VG-77 Clay Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-62 
VG-78 Clay Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-62 
VG-79 Clay Loam Soil, Mesic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-63 
VG-80 Clay Loam Soil, Mesic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-63 
VG-81 Clay Loam Soil, Thermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-64 
VG-82 Clay Loam Soil, Thermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-64 
VG-83 Clay Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-65 
VG-84 Clay Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-65 
VG-85 Clay Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-66 
VG-86 Clay Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-66 
VG-87 Clay Loam Soil, Mesic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-67 
VG-88 Clay Loam Soil, Mesic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-67 
VG-89 Clay Loam Soil, Thermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-68 
VG-90 Clay Loam Soil, Thermic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-68 
VG-91 Clay Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-69 
VG-92 Clay Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-69 
VG-93 Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-70 
VG-94 Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-70 
VG-95 Loam Soil, Mesic Temperature Region, Standard Effluent, HLR = 2 cm d-1 ........ VG-71 
VG-96 Loam Soil, Mesic Temperature Region, Standard Effluent, HLR = 5% of Ksat ..... VG-71 
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VG-97 Loam Soil, Thermic Temperature Region, Standard Effluent, HLR = 2 cm d-1..... VG-72 
VG-98 Loam Soil, Thermic Temperature Region, Standard Effluent, HLR = 5% of Ksat . VG-72 
VG-99 Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-73 
VG-100 Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-73 
VG-101 Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-74 
VG-102 Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-74 
VG-103 Loam Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1 ......... VG-75 
VG-104 Loam Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat ..... VG-75 
VG-105 Loam Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1 ..... VG-76 
VG-106 Loam Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat .. VG-76 
VG-107 Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-77 
VG-108 Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-77 
VG-109 Loamy Sand Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-78 
VG-110 Loamy Sand Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-78 
VG-111 Loamy Sand Soil, Mesic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-79 
VG-112 Loamy Sand Soil, Mesic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-79 
VG-113 Loamy Sand Soil, Thermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-80 
VG-114 Loamy Sand Soil, Thermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-80 
VG-115 Loamy Sand Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-81 
VG-116 Loamy Sand Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-81 
VG-117 Loamy Sand Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-82 
VG-118 Loamy Sand Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-82 
VG-119 Loamy Sand Soil, Mesic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-83 
VG-120 Loamy Sand Soil, Mesic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-83 
VG-121 Loamy Sand Soil, Thermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-84 
VG-122 Loamy Sand Soil, Thermic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-84 
VG-123 Loamy Sand Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-85 
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VG-124 Loamy Sand Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................... VG-85 

VG-125 Sandy Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ....................................................................................................... VG-86 

VG-126 Sandy Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................... VG-86 

VG-127 Sandy Soil, Mesic Temperature Region, Standard Effluent, HLR = 2 cm d-1 ........ VG-87 
VG-128 Sandy Soil, Mesic Temperature Region, Standard Effluent, HLR = 5% of Ksat .... VG-87 
VG-129 Sandy Soil, Thermic Temperature Region, Standard Effluent, HLR = 2 cm d-1 .... VG-88 
VG-130 Sandy Soil, Thermic Temperature Region, Standard Effluent, HLR = 5% of Ksat VG-88 
VG-131 Sandy Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-89 
VG-132 Sandy Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-89 
VG-133 Sandy Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-90 
VG-134 Sandy Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-90 
VG-135 Sandy Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1 ........ VG-91 
VG-136 Sandy Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat ..... VG-91 
VG-137 Sandy Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1 .... VG-92 
VG-138 Sandy Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat . VG-92 
VG-139 Sandy Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-93 
VG-140 Sandy Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-93 
VG-141 Sandy Clay Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-94 
VG-142 Sandy Clay Soil, Frigid/Cryic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-94 
VG-143 Sandy Clay Soil, Mesic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-95 
VG-144 Sandy Clay Soil, Mesic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-95 
VG-145 Sandy Clay Soil, Thermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-96 
VG-146 Sandy Clay Soil, Thermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-96 
VG-147 Sandy Clay Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-97 
VG-148 Sandy Clay Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-97 
VG-149 Sandy Clay Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-98 
VG-150 Sandy Clay Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................... VG-98 
VG-151 Sandy Clay Soil, Mesic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ....................................................................................................... VG-99 
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VG-152 Sandy Clay Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................... VG-99 

VG-153 Sandy Clay Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-100 

VG-154 Sandy Clay Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-100 

VG-155 Sandy Clay Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-101 

VG-156 Sandy Clay Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-101 

VG-157 Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-102 

VG-158 Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-102 

VG-159 Sandy Clay Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-103 

VG-160 Sandy Clay Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-103 

VG-161 Sandy Clay Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-104 

VG-162 Sandy Clay Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-104 

VG-163 Sandy Clay Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-105 

VG-164 Sandy Clay Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-105 

VG-165 Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-106 

VG-166 Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-106 

VG-167 Sandy Clay Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-107 

VG-168 Sandy Clay Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-107 

VG-169 Sandy Clay Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-108 

VG-170 Sandy Clay Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-108 

VG-171 Sandy Clay Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-109 

VG-172 Sandy Clay Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-109 

VG-173 Sandy Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-110 

VG-174 Sandy Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-110 

VG-175 Sandy Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-111 
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VG-176 Sandy Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-111 

VG-177 Sandy Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-112 

VG-178 Sandy Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-112 

VG-179 Sandy Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-113 

VG-180 Sandy Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-113 

VG-181 Sandy Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-114 

VG-182 Sandy Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-114 

VG-183 Sandy Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-115 

VG-184 Sandy Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-115 

VG-185 Sandy Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-116 

VG-186 Sandy Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-116 

VG-187 Sandy Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-117 

VG-188 Sandy Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-117 

VG-189 Silty Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-118 

VG-190 Silty Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-118 

VG-191 Silty Soil, Mesic Temperature Region, Standard Effluent, HLR = 2 cm d-1 ........ VG-119 
VG-192 Silty Soil, Mesic Temperature Region, Standard Effluent, HLR = 5% of Ksat ..... VG-119 
VG-193 Silty Soil, Thermic Temperature Region, Standard Effluent, HLR = 2 cm d-1 .... VG-120 
VG-194 Silty Soil, Thermic Temperature Region, Standard Effluent, HLR = 5% of Ksat . VG-120 
VG-195 Silty Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 2 cm d-1 ..................................................................................................... VG-121 
VG-196 Silty Soil, Hyperthermic Temperature Region, Standard Effluent,  

HLR = 5% of Ksat .................................................................................................. VG-121 
VG-197 Silty Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ..................................................................................................... VG-122 
VG-198 Silty Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  

HLR = 5% of Ksat .................................................................................................. VG-122 
VG-199 Silty Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1 ........ VG-123 
VG-200 Silty Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat ..... VG-123 
VG-201 Silty Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1 ..... VG-124 
VG-202 Silty Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat . VG-124 
VG-203 Silty Soil, Hyperthermic Temperature Region, Nitrified Effluent,  

HLR = 2 cm d-1 ..................................................................................................... VG-125 
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VG-204 Silty Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-125 

VG-205 Silty Clay Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-126 

VG-206 Silty Clay Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-126 

VG-207 Silty Clay Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-127 

VG-208 Silty Clay Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-127 

VG-209 Silty Clay Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-128 

VG-210 Silty Clay Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-128 

VG-211 Silty Clay Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-129 

VG-212 Silty Clay Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-129 

VG-213 Silty Clay Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-130 

VG-214 Silty Clay Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-130 

VG-215 Silty Clay Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-131 

VG-216 Silty Clay Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-131 

VG-217 Silty Clay Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-132 

VG-218 Silty Clay Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-132 

VG-219 Silty Clay Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-133 

VG-220 Silty Clay Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-133 

VG-221 Silty Clay Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-134 

VG-222 Silty Clay Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-134 

VG-223 Silty Clay Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-135 

VG-224 Silty Clay Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-135 

VG-225 Silty Clay Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-136 

VG-226 Silty Clay Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-136 

VG-227 Silty Clay Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-137 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-19 

VG-228 Silty Clay Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-137 

VG-229 Silty Clay Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-138 

VG-230 Silty Clay Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-138 

VG-231 Silty Clay Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-139 

VG-232 Silty Clay Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-139 

VG-233 Silty Clay Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-140 

VG-234 Silty Clay Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-140 

VG-235 Silty Clay Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-141 

VG-236 Silty Clay Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-141 

VG-237 Silty Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-142 

VG-238 Silty Loam Soil, Frigid/Cryic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-142 

VG-239 Silty Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-143 

VG-240 Silty Loam Soil, Mesic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-143 

VG-241 Silty Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-144 

VG-242 Silty Loam Soil, Thermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-144 

VG-243 Silty Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-145 

VG-244 Silty Loam Soil, Hyperthermic Temperature Region, Standard Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-145 

VG-245 Silty Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-146 

VG-246 Silty Loam Soil, Frigid/Cryic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-146 

VG-247 Silty Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-147 

VG-248 Silty Loam Soil, Mesic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-147 

VG-249 Silty Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-148 

VG-250 Silty Loam Soil, Thermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-148 

VG-251 Silty Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 2 cm d-1 ..................................................................................................... VG-149 
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VG-252 Silty Loam Soil, Hyperthermic Temperature Region, Nitrified Effluent,  
HLR = 5% of Ksat .................................................................................................. VG-149 

 
 
3.0 Scenario Illustrations: HYDRUS Simulation Output of STU Operating Conditions 
VG-253 Scenario Output: Trench, Sandy Soil, Standard Effluent, HLR = 2cm d-1 ........... VG-152 
VG-254 Scenario Output: Trench, Sandy Soil, Standard Effluent, HLR = 10% of Ksat .... VG-153 
VG-255 Scenario Output: Trench, Sandy Loam Soil, Standard Effluent, HLR = 2cm d-1 VG-154 
VG-256 Scenario Output: Trench, Sandy Loam Soil, Standard Effluent,  

HLR = 2cm d-1, “High Water Table” .................................................................... VG-155 
VG-257 Scenario Output: Trench, Sandy Loam Soil, Standard Effluent,  

HLR = 2cm d-1, “Closely Spaced Trenches” ........................................................ VG-156 
VG-258 Scenario Output: Trench, Sandy Loam Soil, Standard Effluent,  

HLR =10% of Ksat ................................................................................................. VG-157 
VG-259 Scenario Output: Trench, Silty Clay Soil, Standard Effluent, HLR = 2cm d-1 ..... VG-158 
VG-260 Scenario Output: Trench, Silty Clay Soil, Standard Effluent,  

HLR = 10% of Ksat ................................................................................................ VG-159 
VG-261 Scenario Output: Drip Dispersal, Sandy Soil, Standard Effluent,  

HLR = “Low” ....................................................................................................... VG-160 
VG-262 Scenario Output: Drip Dispersal, Sandy Soil, Standard Effluent,  

HLR = “High” ....................................................................................................... VG-161 
VG-263 Scenario Output: Drip Dispersal, Sandy Soil, Nitrified Effluent,  

HLR = “Low” ....................................................................................................... VG-162 
VG-264 Scenario Output: Drip Dispersal, Sandy Soil, Nitrified Effluent,  

HLR = “High” ....................................................................................................... VG-163 
VG-265 Scenario Output: Drip Dispersal, Sandy Loam Soil, Standard Effluent,  

HLR = “Low” ....................................................................................................... VG-164 
VG-266 Scenario Output: Drip Dispersal, Sandy Loam Soil, Standard Effluent,  

HLR = “High” ....................................................................................................... VG-165 
VG-267 Scenario Output: Drip Dispersal, Sandy Loam Soil, Nitrified Effluent,  

HLR = “Low” ....................................................................................................... VG-166 
VG-268 Scenario Output: Drip Dispersal, Sandy Loam Soil, Nitrified Effluent,  

HLR = “High” ....................................................................................................... VG-167 
VG-269 Scenario Output: Drip Dispersal, Silty Clay Soil, Standard Effluent,  

HLR = “Low” ....................................................................................................... VG-168 
VG-270 Scenario Output: Drip Dispersal, Silty Clay Soil, Standard Effluent,  

HLR = “High” ....................................................................................................... VG-169 
VG-271 Scenario Output: Drip Dispersal, Silty Clay Soil, Nitrified Effluent,  

HLR = “Low” ....................................................................................................... VG-170 
VG-272 Scenario Output: Drip Dispersal, Silty Clay Soil, Nitrified Effluent,  

HLR = “High” ....................................................................................................... VG-171 
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1.1 Clay 
1.1.1 Standard Effluent 

 

 
Figure VG-1. Nomograph: Clay Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-2. Nomograph: Clay Soil, Standard Effluent, HLR =  5 % of Ksat. 
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1.1.2 Nitrified Effluent 
 

 
Figure VG-3. Nomograph: Clay Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-4. Nomograph: Clay Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.2 Clay Loam 
1.2.1 Standard Effluent 

 

 
Figure VG-5. Nomograph: Clay Loam Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-6. Nomograph: Clay Loam Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.2.2 Nitrified Effluent 
 

 
Figure VG-7. Nomograph: Clay Loam Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-8. Nomograph: Clay Loam Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.3 Loam 
1.3.1 Standard Effluent 

 

 
Figure VG-9. Nomograph: Loam Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-10. Nomograph: Loam Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.3.2 Nitrified Effluent 
 

 
Figure VG-11. Nomograph: Loam Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-12. Nomograph: Loam Soil, Nitrified Effluent, HLR =  5 % of Ksat. 
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1.4 Loamy Sand 
1.4.1 Standard Effluent 

 

 
Figure VG-13. Nomograph: Loamy Sand Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-14. Nomograph: Loamy Sand Soil, Standard Effluent, HLR = 5% Ksat. 
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1.4.2 Nitrified Effluent 
 

 
Figure VG-15. Nomograph: Loamy Sand Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-16 . Nomograph: Loamy Sand Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.5 Sand 
1.5.1 Standard Effluent 

 

 
Figure VG-17. Nomograph: Sandy Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-18. Nomograph: Sandy Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.5.2 Nitrified Effluent 
 

 
Figure VG-19. Nomograph: Sandy Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-20. Nomograph: Sandy Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.6 Sandy Clay 
1.6.1 Standard Effluent 

 

 
Figure VG-21. Nomograph: Sandy Clay Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-22. Nomograph: Sandy Clay Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.6.2 Nitrified Effluent 
 

 
Figure VG-23. Nomograph: Sandy Clay Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-24. Nomograph: Sandy Clay Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.7 Sandy Clay Loam 
1.7.1 Standard Effluent 

 

 
Figure VG-25. Nomograph: Sandy Clay Loam Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-26. Nomograph: Sandy Clay Loam Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.7.2 Nitrified Effluent 
 

 
Figure VG-27. Nomograph: Sandy Clay Loam Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-28. Nomograph: Sandy Clay Loam Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.8 Sandy Loam 
1.8.1 Standard Effluent 

 

 
Figure VG-29. Nomograph: Sandy Loam Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-30. Nomograph: Sandy Loam Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.8.2 Nitrified Effluent 
 

 
Figure VG-31. Nomograph: Sandy Loam Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-32. Nomograph: Sandy Loam Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.9 Silt 
1.9.1 Standard Effluent 

 

 
Figure VG-33. Nomograph: Silty Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-34. Nomograph: Silty Soil, Standard Effluent, HLR = 5 % of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-39 

1.9.2 Nitrified Effluent 
 

 
Figure VG-35. Nomograph: Silty Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-36. Nomograph: Silty Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.10 Silty Clay 
1.10.1 Standard Effluent 

 

 
Figure VG-37. Nomograph: Silty Clay Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-38. Nomograph: Silty Clay Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.10.2 Nitrified Effluent 
 

 
Figure VG-39. Nomograph: Silty Clay Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-40. Nomograph: Silty Clay Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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1.11 Silty Clay Loam 
1.11.1 Standard Effluent 

 

 
Figure VG-41. Nomograph: Silty Clay Loam Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-42. Nomograph: Silty Clay Loam Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.11.2 Nitrified Effluent 
 

 
Figure VG-43. Nomograph: Silty Clay Loam Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-44. Nomograph: Silty Clay Loam Soil, Nitrified Effluent, HLR = 5 % of Ksat. 
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112 Silty Loam 
1.12.1 Standard Effluent 

 

 
Figure VG-45. Nomograph: Silty Loam Soil, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-46. Nomograph: Silty Loam Soil, Standard Effluent, HLR = 5 % of Ksat. 
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1.12.2 Nitrified Effluent 
 

 
Figure VG-47. Nomograph: Silty Loam Soil, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-48. Nomograph: Silty Loam Soil, Nitrified Effluent, HLR = 5 % of Ksat. 

 



 VG-46 

1.13 Fraction of Nitrogen Removed at 60cm with Varied Ammonium-Nitrogen Input 
Concentrations 
1.13.1 Clay 

 
Figure VG-49. Nomograph: Total Nitrogen Removed at 60 cm, Clay Soil, HLR = 2 cm d-1. 

 

1.13.2 Clay Loam 

 
Figure VG-50. Nomograph: Total Nitrogen Removed at 60 cm, Clay Loam Soil, HLR = 2 cm d-1. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-47 

1.13.3 Loam 

 
Figure VG-51. Nomograph: Total Nitrogen Removed at 60 cm, Loam Soil, HLR = 2 cm d-1. 

 

1.13.4 Loamy Sand 

 
Figure VG-52. Nomograph: Total Nitrogen Removed at 60 cm, Loamy Sand Soil, HLR = 2 cm d-1. 

 



 VG-48 

1.13.5 Sand 

 
Figure VG-53. Nomograph: Total Nitrogen Removed at 60 cm, Sandy Soil, HLR = 2 cm d-1. 

 

1.13.6 Sandy Clay 

 
Figure VG-54. Nomograph: Total Nitrogen Removed at 60 cm, Sandy Clay Soil, HLR = 2 cm d-1. 

 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-49 

1.13.7 Sandy Clay Loam 

 
Figure VG-55. Nomograph: Total Nitrogen Removed at 60 cm, Sandy Clay Loam Soil, HLR = 2 cm d-1. 

 

1.13.8 Sandy Loam 

 
Figure VG-56. Nomograph: Total Nitrogen Removed at 60 cm, Sandy Loam Soil, HLR = 2 cm d-1. 

 



 VG-50 

1.13.9 Silt 

 
Figure VG-57. Nomograph: Total Nitrogen Removed at 60 cm, Silty Soil, HLR = 2 cm d-1. 

 

1.13.10 Silty Clay 

 
Figure VG-58. Nomograph: Total Nitrogen Removed at 60 cm, Silty Clay Soil, HLR = 2 cm d-1. 

 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-51 

1.13.11 Silty Clay Loam 

 
Figure VG-59. Nomograph: Total Nitrogen Removed at 60 cm, Silty Clay Loam Soil, HLR = 2 cm d-1. 

 

1.13.12 Silty Loam 

 
Figure VG-60. Nomograph: Total Nitrogen Removed at 60 cm, Silty Loam Soil, HLR = 2 cm d-1. 

 



 VG-52 
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CHAPTER 2.0 

 

CUMULATIVE PROBABILITY GRAPHS: 
STUMOD MONTE CARLO SIMULATION RESULTS 

FOR DEEP WATER TABLES 
 



 VG-54 

2.1 Clay 
2.1.1 Standard Effluent 

 
Figure VG-61. Cumulative Probability Graph: Clay Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-62. Cumulative Probability Graph: Clay Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-55 

 

 
Figure VG-63. Cumulative Probability Graph: Clay Soil, Mesic Temperature Region, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-64. Cumulative Probability Graph: Clay Soil, Mesic Temperature Region, Standard Effluent, HLR = 5% of Ksat. 



 VG-56 

 

 
Figure VG-65. Cumulative Probability Graph: Clay Soil, Thermic Temperature Region, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-66. Cumulative Probability Graph: Clay Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-57 

 

 
Figure VG-67. Cumulative Probability Graph: Clay Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-68. Cumulative Probability Graph: Clay Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-58 

2.1.2 Nitrified Effluent 

 
Figure VG-69. Cumulative Probability Graph: Clay Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-70. Cumulative Probability Graph: Clay Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-59 

 

 
Figure VG-71. Cumulative Probability Graph: Clay Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-72. Cumulative Probability Graph: Clay Soil, Mesic Temperature Region, Nitrified Effluent, HLR = 5% of Ksat. 



 VG-60 

 

 
Figure VG-73. Cumulative Probability Graph: Clay Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-74. Cumulative Probability Graph: Clay Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-61 

 

 
Figure VG-75. Cumulative Probability Graph: Clay Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-76. Cumulative Probability Graph: Clay Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-62 

2.2 Clay Loam 
2.2.1 Standard Effluent 

 
Figure VG-77. Cumulative Probability Graph: Clay Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-78. Cumulative Probability Graph: Clay Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-63 

 

 
Figure VG-79. Cumulative Probability Graph: Clay Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-80. Cumulative Probability Graph: Clay Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-64 

 

 
Figure VG-81. Cumulative Probability Graph: Clay Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-82. Cumulative Probability Graph: Clay Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-65 

 

 
Figure VG-83. Cumulative Probability Graph: Clay Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-84. Cumulative Probability Graph: Clay Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-66 

2.2.2 Nitrified Effluent 

 
Figure VG-85. Cumulative Probability Graph: Clay Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-86. Cumulative Probability Graph: Clay Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-67 

 

 
Figure VG-87. Cumulative Probability Graph: Clay Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-88. Cumulative Probability Graph: Clay Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-68 

 

 
Figure VG-89. Cumulative Probability Graph: Clay Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-90. Cumulative Probability Graph: Clay Loam Soil, Thermic Temperature Region, Nitrified Effluent, HLR = 5% 

of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-69 

 

 
Figure VG-91. Cumulative Probability Graph: Clay Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-92. Cumulative Probability Graph: Clay Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-70 

2.3 Loam 
2.3.1 Standard Effluent 

 
Figure VG-93. Cumulative Probability Graph: Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-94. Cumulative Probability Graph: Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-71 

 

 
Figure VG-95. Cumulative Probability Graph: Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-96. Cumulative Probability Graph: Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-72 

 

 
Figure VG-97. Cumulative Probability Graph: Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-98. Cumulative Probability Graph: Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-73 

 

 
Figure VG-99. Cumulative Probability Graph: Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-100. Cumulative Probability Graph: Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-74 

2.3.2 Nitrified Effluent 

 
Figure VG-101. Cumulative Probability Graph: Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-102. Cumulative Probability Graph: Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-75 

 

 
Figure VG-103. Cumulative Probability Graph: Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-104. Cumulative Probability Graph: Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-76 

 

 
Figure VG-105. Cumulative Probability Graph: Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-106. Cumulative Probability Graph: Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-77 

 

 
Figure VG-107. Cumulative Probability Graph: Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-108. Cumulative Probability Graph: Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-78 

2.4 Loamy Sand 
2.4.1 Standard Effluent 

 
Figure VG-109. Cumulative Probability Graph: Loamy Sand Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-110. Cumulative Probability Graph: Loamy Sand Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-79 

 

 
Figure VG-111. Cumulative Probability Graph: Loamy Sand Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-112. Cumulative Probability Graph: Loamy Sand Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-80 

 

 
Figure VG-113. Cumulative Probability Graph: Loamy Sand Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-114. Cumulative Probability Graph: Loamy Sand Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-81 

 

 
Figure VG-115. Cumulative Probability Graph: Loamy Sand Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-116. Cumulative Probability Graph: Loamy Sand Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-82 

2.4.2 Nitrified Effluent 

 
Figure VG-117. Cumulative Probability Graph: Loamy Sand Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-118. Cumulative Probability Graph: Loamy Sand Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-83 

 

 
Figure VG-119. Cumulative Probability Graph: Loamy Sand Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-120. Cumulative Probability Graph: Loamy Sand Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-84 

 

 
Figure VG-121. Cumulative Probability Graph: Loamy Sand Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-122. Cumulative Probability Graph: Loamy Sand Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-85 

 

 
Figure VG-123. Cumulative Probability Graph: Loamy Sand Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-124. Cumulative Probability Graph: Loamy Sand Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-86 

2.5 Sand 
2.5.1 Standard Effluent 

 
Figure VG-125. Cumulative Probability Graph: Sandy Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-126. Cumulative Probability Graph: Sandy Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-87 

 

 
Figure VG-127. Cumulative Probability Graph: Sandy Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-128. Cumulative Probability Graph: Sandy Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-88 

 

 
Figure VG-129. Cumulative Probability Graph: Sandy Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-130. Cumulative Probability Graph: Sandy Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-89 

 

 
Figure VG-131. Cumulative Probability Graph: Sandy Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-132. Cumulative Probability Graph: Sandy Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-90 

2.5.2 Nitrified Effluent 

 
Figure VG-133. Cumulative Probability Graph: Sandy Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-134. Cumulative Probability Graph: Sandy Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-91 

 

 
Figure VG-135. Cumulative Probability Graph: Sandy Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-136. Cumulative Probability Graph: Sandy Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-92 

 

 
Figure VG-137. Cumulative Probability Graph: Sandy Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-138. Cumulative Probability Graph: Sandy Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-93 

 

 
Figure VG-139. Cumulative Probability Graph: Sandy Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-140. Cumulative Probability Graph: Sandy Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-94 

2.6 Sandy Clay 
2.6.1 Standard Effluent 

 
Figure VG-141. Cumulative Probability Graph: Sandy Clay Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-142. Cumulative Probability Graph: Sandy Clay Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-95 

 

 
Figure VG-143. Cumulative Probability Graph: Sandy Clay Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-144. Cumulative Probability Graph: Sandy Clay Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-96 

 

 
Figure VG-145. Cumulative Probability Graph: Sandy Clay Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-146. Cumulative Probability Graph: Sandy Clay Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-97 

 

 
Figure VG-147. Cumulative Probability Graph: Sandy Clay Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-148. Cumulative Probability Graph: Sandy Clay Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-98 

2.6.2 Nitrified Effluent 

 
Figure VG-149. Cumulative Probability Graph: Sandy Clay Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-150. Cumulative Probability Graph: Sandy Clay Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Visual-Graphic Tools 

VG-99 

 

 
Figure VG-151. Cumulative Probability Graph: Sandy Clay Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-152. Cumulative Probability Graph: Sandy Clay Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-100 

 

 
Figure VG-153. Cumulative Probability Graph: Sandy Clay Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-154. Cumulative Probability Graph: Sandy Clay Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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VG-101 

 

 
Figure VG-155. Cumulative Probability Graph: Sandy  Clay Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-156. Cumulative Probability Graph: Sandy Clay Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-102 

2.7 Sandy Clay Loam 
2.7.1 Standard Effluent 

 
Figure VG-157. Cumulative Probability Graph: Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-158. Cumulative Probability Graph: Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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VG-103 

 

 
Figure VG-159. Cumulative Probability Graph: Sandy Clay Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-160. Cumulative Probability Graph: Sandy Clay Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-104 

 

 
Figure VG-161. Cumulative Probability Graph: Sandy Clay Loam Soil, Thermic Temperature Region, Standard Effluent, 

HLR = 2 cm d-1. 

 

 
Figure VG-162. Cumulative Probability Graph: Sandy Clay Loam Soil, Thermic Temperature Region, Standard Effluent, 

HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-105 

 

 
Figure VG-163. Cumulative Probability Graph: Sandy Clay Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-164. Cumulative Probability Graph: Sandy Clay Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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2.7.2 Nitrified Effluent 

 
Figure VG-165. Cumulative Probability Graph: Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-166. Cumulative Probability Graph: Sandy Clay Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-167. Cumulative Probability Graph: Sandy Clay Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-168. Cumulative Probability Graph: Sandy Clay Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-108 

 

 
Figure VG-169. Cumulative Probability Graph: Sandy Clay Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-170. Cumulative Probability Graph: Sandy Clay Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Visual-Graphic Tools 

VG-109 

 

 
Figure VG-171. Cumulative Probability Graph: Sandy Clay Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-172. Cumulative Probability Graph: Sandy Clay Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-110 

2.8 Sandy Loam 
2.8.1 Standard Effluent 

 
Figure VG-173. Cumulative Probability Graph: Sandy Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-174. Cumulative Probability Graph: Sandy Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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VG-111 

 

 
Figure VG-175. Cumulative Probability Graph: Sandy Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-176. Cumulative Probability Graph: Sandy Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-112 

 

 
Figure VG-177. Cumulative Probability Graph: Sandy Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-178. Cumulative Probability Graph: Sandy Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-179. Cumulative Probability Graph: Sandy Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-180. Cumulative Probability Graph: Sandy Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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2.8.2 Nitrified Effluent 

 
Figure VG-181. Cumulative Probability Graph: Sandy Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-182. Cumulative Probability Graph: Sandy Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-183. Cumulative Probability Graph: Sandy Loam  Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-184. Cumulative Probability Graph: Sandy Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 



 VG-116 

 

 
Figure VG-185. Cumulative Probability Graph: Sandy Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-186. Cumulative Probability Graph: Sandy Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-187. Cumulative Probability Graph: Sandy Loam Soil, Hyperthermic Temperature Region, 
Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-188. Cumulative Probability Graph: Sandy Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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2.9 Silt 
2.9.1 Standard Effluent 

 
Figure VG-189. Cumulative Probability Graph: Silty Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-190. Cumulative Probability Graph: Silty Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-191. Cumulative Probability Graph: Silty Soil, Mesic Temperature Region, Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-192. Cumulative Probability Graph: Silty Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-193. Cumulative Probability Graph: Silty Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-194. Cumulative Probability Graph: Silty Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-195. Cumulative Probability Graph: Silty Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-196. Cumulative Probability Graph: Silty Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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2.9.2 Nitrified Effluent 

 
Figure VG-197. Cumulative Probability Graph: Silty Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-198. Cumulative Probability Graph: Silty Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-199. Cumulative Probability Graph: Silt Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-200. Cumulative Probability Graph: Silty Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-201. Cumulative Probability Graph: Silty Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-202. Cumulative Probability Graph: Silty Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-203. Cumulative Probability Graph: Silty Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-204. Cumulative Probability Graph: Silty Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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2.10 Silty Clay 
2.10.1 Standard Effluent 

 
Figure VG-205. Cumulative Probability Graph: Silty Clay Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-206. Cumulative Probability Graph: Silty Clay Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-207. Cumulative Probability Graph: Silty Clay Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-208. Cumulative Probability Graph: Silty Clay Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-209. Cumulative Probability Graph: Silty Clay Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-210. Cumulative Probability Graph: Silty Clay Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-211. Cumulative Probability Graph: Silty Clay Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-212. Cumulative Probability Graph: Silty Clay Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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2.10.2 Nitrified Effluent 

 
Figure VG-213. Cumulative Probability Graph: Silty Clay Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-214. Cumulative Probability Graph: Silty Clay Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-215. Cumulative Probability Graph: Silty Clay Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-216. Cumulative Probability Graph: Silty Clay Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-217. Cumulative Probability Graph: Silty Clay Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-218. Cumulative Probability Graph: Silty Clay Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-219. Cumulative Probability Graph: Silty Clay Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-220. Cumulative Probability Graph: Silty Clay Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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2.11 Silty Clay Loam 
2.11.1 Standard Effluent 

 
Figure VG-221. Cumulative Probability Graph: Silty Clay Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-222. Cumulative Probability Graph: Silty Clay Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
Visual-Graphic Tools 

VG-135 

 

 
Figure VG-223. Cumulative Probability Graph: Silty Clay Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-224. Cumulative Probability Graph: Silty Clay Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-225. Cumulative Probability Graph: Silty Clay Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-226. Cumulative Probability Graph: Silty Clay Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-227. Cumulative Probability Graph: Silty Clay Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-228. Cumulative Probability Graph: Silty Clay Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 



 VG-138 

2.11.2 Nitrified Effluent 

 
Figure VG-229. Cumulative Probability Graph: Silty Clay Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-230. Cumulative Probability Graph: Silty Clay Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-231. Cumulative Probability Graph: Silty Clay Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-232. Cumulative Probability Graph: Silty Clay Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-233. Cumulative Probability Graph: Silty Clay Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-234. Cumulative Probability Graph: Silty Clay Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-235. Cumulative Probability Graph: Silty Clay Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-236. Cumulative Probability Graph: Silty Clay Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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2.12 Silty Loam 
2.12.1 Standard Effluent 

 
Figure VG-237. Cumulative Probability Graph: Silty Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-238. Cumulative Probability Graph: Silty Loam Soil, Frigid/Cryic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-239. Cumulative Probability Graph: Silty Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-240. Cumulative Probability Graph: Silty Loam Soil, Mesic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-241. Cumulative Probability Graph: Silty Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-242. Cumulative Probability Graph: Silty Loam Soil, Thermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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Figure VG-243. Cumulative Probability Graph: Silty Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-244. Cumulative Probability Graph: Silty Loam Soil, Hyperthermic Temperature Region, 

Standard Effluent, HLR = 5% of Ksat. 
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2.12.2 Nitrified Effluent 

 
Figure VG-245. Cumulative Probability Graph: Silty Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-246. Cumulative Probability Graph: Silty Loam Soil, Frigid/Cryic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-247. Cumulative Probability Graph: Silty Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-248. Cumulative Probability Graph: Silty Loam Soil, Mesic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-249. Cumulative Probability Graph: Silty Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-250. Cumulative Probability Graph: Silty Loam Soil, Thermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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Figure VG-251. Cumulative Probability Graph: Silty Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 2 cm d-1. 

 

 
Figure VG-252. Cumulative Probability Graph: Silty Loam Soil, Hyperthermic Temperature Region, 

Nitrified Effluent, HLR = 5% of Ksat. 
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SCENARIO ILLUSTRATIONS:  
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Figure VG-253. Scenario Output: Trench, Sandy Soil, Standard Effluent, HLR = 2cm d-1. 

Soil type: Sand

Effluent Qaulity: STE

Daily Loading Rate: 2 cm/day

NH4 NO3 Total N

% Removal at 30cm 22.2% ‐‐‐ 1.6%

% Removal at 90cm 45.3% 1.5% 1.4%

at 30 cm*: 0.720

at 90 cm*: 0.722
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Figure VG-254. Scenario Output: Trench, Sandy Soil, Standard Effluent, HLR = 10% of Ksat. 

Soil type:

Effluent Qaulity:

Daily Loading Rate:

NH4 NO3 Total N

% Removal at 30cm 15.0% ‐‐‐ 4.0%

% Removal at 90cm 25.0% 6.4% 3.6%

at 30 cm*: 23.4

at 90 cm*: 23.5

(gram‐N/day)
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Figure VG-255. Scenario Output: Trench, Sandy Loam Soil, Standard Effluent, HLR = 2cm d-1. 

 
Soil type: Sandy Loam

Effluent Qaulity: STE

Daily Loading Rate: 2 cm/day

NH4 NO3 Total N

% Removal at 30cm 100.0% 21.1% 24.8%

% Removal at 90cm 100.0% 44.0% 46.7%

at 30 cm*: 0.55

at 90 cm*: 0.39
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Figure VG-256. Scenario Output: Trench, Sandy Loam Soil, Standard Effluent, HLR = 2cm d-1, “High Water Table”. 

 
Soil type:

Effluent Qaulity:

Daily Loading Rate:

NH4 NO3 Total N

% Removal at 60cm 99.8% 48.6% 50.7%

to GW 0.36
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Figure VG-257. Scenario Output: Trench, Sandy Loam Soil, Standard Effluent, HLR = 2cm d-1, “Closely Spaced 
Trenches”. 

Soil type:

Effluent Qaulity:

Daily Loading Rate:

NH4 NO3 Total N

% Removal at 30cm 100.0% 21.8% 24.9%

% Removal at 90cm 100.0% 37.3% 39.8%

at 30 cm*: 0.28

at 90 cm*: 0.22

(gram‐N/day)
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Figure VG-258. Scenario Output: Trench, Sandy Loam Soil, Standard Effluent, HLR =10% of Ksat. 

Soil type:

Effluent Qaulity:

Daily Loading Rate:

NH4 NO3 Total N

% Removal at 30cm 97.5% 25.0% 26.2%

% Removal at 90cm 100.0% 33.2% 36.6%

at 30 cm*: 1.04

at 90 cm*: 0.89
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Figure VG-259. Scenario Output: Trench, Silty Clay Soil, Standard Effluent, HLR = 2cm d-1. 

Soil type: Silty Clay

Effluent Qaulity: STE

Daily Loading Rate: 2 cm/day

NH4 NO3 Total N

% Removal at 30cm 58.3% 90.1% 50.1%

% Removal at 90cm 93.2% 92.8% 86.9%

at 30 cm*: 0.37

at 90 cm*: 0.10

(gram‐N/day)
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Figure VG-260. Scenario Output: Trench, Silty Clay Soil, Standard Effluent, HLR = 10% of Ksat. 

Soil type:

Effluent Qaulity:

Daily Loading Rate:

NH4 NO3 Total N

% Removal at 30cm 88.2% 79.2% 68.2%

% Removal at 90cm 100.0% 99.9% 99.9%

at 30 cm*: 0.055

at 90 cm*: 0.0002

(gram‐N/day)

Total Nitrogen 

Mass Flux From 1 

Linear Meter 

* below trench

10% of Ksat (0.961 cm/day)

STE

Silty Clay

3
0
 c
m

3
0
 c
m

0

30

60

90

0 20 40 60

D
e
p
th
 (c
m
)

Centerline Concentration (mg/L)

NH4

NO3

Total N

Water 
Content 

Nitrate 
Concentration

9
0
 c
m

30 cm 30 cm180 cm

 



 VG-160 

 

Figure VG-261. Scenario Output: Drip Dispersal, Sandy Soil, Standard Effluent, HLR = “Low”.  

Soil type: Sand

Effluent Qaulity: STE

Dosing Duration: 7 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm 100.0% 94.8% 97.3%

% Removal at 60cm 100.0% 100.0% 100.0%

% Uptake by plant 54.3% 80.7% 95.9%

at 30 cm: 1.861

to GW: 0.003
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Figure VG-262. Scenario Output: Drip Dispersal, Sandy Soil, Standard Effluent, HLR = “High”.  

Soil type: Sand

Effluent Qaulity: STE

Dosing Duration: 19 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm 97.4% 32.7% 52.7%

% Removal at 60cm 100.0% 43.0% 62.1%

% Uptake by plant 29.2% 19.5% 41.7%

at 30 cm: 86.8

to GW: 69.4
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Figure VG-263. Scenario Output: Drip Dispersal, Sandy Soil, Nitrified Effluent, HLR = “Low”.  

Soil type: Sand

Effluent Qaulity: NE

Dosing Duration: 7 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm ‐ 98.1% 98.1%

% Removal at 60cm ‐ 100.0% 100.0%

% Uptake by plant ‐ 87.2% 87.2%

at 30 cm: 0.318

to GW: 0.001
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Figure VG-264. Scenario Output: Drip Dispersal, Sandy Soil, Nitrified Effluent, HLR = “High”. 

Soil type: Sand

Effluent Qaulity: NE

Dosing Duration: 19 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm ‐ 58.3% 58.3%

% Removal at 60cm ‐ 78.8% 78.8%

% Uptake by plant ‐ 44.3% 44.3%

at 30 cm: 18.8

to GW: 9.6
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Figure VG-265. Scenario Output: Drip Dispersal, Sandy Loam Soil, Standard Effluent, HLR = “Low”.  

Soil type: Sandy Loam

Effluent Qaulity: STE

Dosing Duration: 7 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm 100.0% 99.3% 99.4%

% Removal at 60cm 100.0% 99.9% 99.9%

% Uptake by plant 3.6% 81.6% 82.4%

at 30 cm: 0.434

to GW: 0.040
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Quantitative Tools to Determine the Expected Performance of Wastewater Soil Treatment Units: 
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Figure VG-266. Scenario Output: Drip Dispersal, Sandy Loam Soil, Standard Effluent, HLR = “High”.  

Soil type: Sandy Loam

Effluent Qaulity: STE

Dosing Duration: 19 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm 99.9% 53.6% 54.6%

% Removal at 60cm 100.0% 61.8% 62.7%

% Uptake by plant 2.3% 38.2% 39.5%

at 30 cm: 83.2

to GW: 68.3
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Figure VG-267. Scenario Output: Drip Dispersal, Sandy Loam Soil, Nitrified Effluent, HLR = “Low”. 
 

Soil type: Sandy Loam

Effluent Qaulity: NE

Dosing Duration: 7 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm ‐ 99.8% 99.8%

% Removal at 60cm ‐ 100.0% 100.0%

% Uptake by plant ‐ 69.0% 69.0%

at 30 cm: 0.030

to GW: 0.002
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Figure VG-268. Scenario Output: Drip Dispersal, Sandy Loam Soil, Nitrified Effluent, HLR = “High”. 

Soil type: Sandy Loam

Effluent Qaulity: NE

Dosing Duration: 19 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm ‐ 49.5% 49.5%

% Removal at 60cm ‐ 54.9% 54.9%

% Uptake by plant ‐ 44.9% 44.9%

at 30 cm: 22.8

to GW: 20.4
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Figure VG-269. Scenario Output: Drip Dispersal, Silty Clay Soil, Standard Effluent, HLR = “Low”. 
 

Soil type: Silty Clay

Effluent Qaulity: STE

Dosing Duration: 7 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm 100.0% 99.9% 99.9%

% Removal at 60cm 100.0% 100.0% 100.0%

% Uptake by plant 3.6% 49.9% 51.2%

at 30 cm: 0.080

to GW: 0.003
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Figure VG-270. Scenario Output: Drip Dispersal, Silty Clay Soil, Standard Effluent, HLR = “High”. 

Soil type: Silty Clay

Effluent Qaulity: STE

Dosing Duration: 7 minutes

Dosings Per Day: 10

NH4 NO3 Total N

% Removal at 30cm 95.4% 95.2% 91.5%

% Removal at 60cm 99.4% 98.3% 98.0%

% Uptake by plant 11.2% 23.7% 30.8%

at 30 cm: 11.7

to GW: 2.8
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Figure VG-271. Scenario Output: Drip Dispersal, Silty Clay Soil, Nitrified Effluent, HLR = “Low”.  

Soil type: Silty Clay

Effluent Qaulity: NE

Dosing Duration: 7 minutes

Dosings Per Day: 5

NH4 NO3 Total N

% Removal at 30cm ‐ 99.98% 99.98%

% Removal at 60cm ‐ 100.0% 100.0%

% Uptake by plant ‐ 31.0% 31.0%

at 30 cm: 0.0036

to GW: 0.0002
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Figure VG-272. Scenario Output: Drip Dispersal, Silty Clay Soil, Nitrified Effluent, HLR = “High”. 

Soil type: Silty Clay

Effluent Qaulity: NE

Dosing Duration: 7 minutes

Dosings Per Day: 10

NH4 NO3 Total N

% Removal at 30cm ‐ 98.5% 98.5%

% Removal at 60cm ‐ 99.9% 99.9%

% Uptake by plant ‐ 13.7% 13.7%

at 30 cm: 0.51

to GW: 0.03
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