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ABSTRACT 

The research described in this report was undertaken to enhance the quantitative understanding 
of site-scale processes affecting the performance of onsite wastewater systems (OWS) and to 
develop modeling tools that can describe and predict individual system performance and the 
cumulative effects of multiple systems on water quality within a watershed. To accomplish this 
goal, the project was designed and carried out in two phases by a collaborative team involving 
the Colorado School of Mines, Electric Power Research Institute, Systech Engineering, Inc., 
United States Geological Survey, and the Summit County Environmental Health Department 
including participation by a stakeholder group from the study area. 

The project scope included: 

• Literature review and analysis 

• Laboratory experimentation and field monitoring 

• Development and refinement of mathematical models 

• Completion of site-scale and watershed-scale model simulations 

Analysis of literature data was used to develop cumulative frequency distributions of pollutant 
concentrations in domestic septic tank effluent and the rate and capacity parameters governing 
their transport/fate in a soil and groundwater environment. 

Laboratory and field experimentation enhanced the understanding of biozone genesis and the 
transport/fate of microbes and chemicals in soil-based OWS. 

Modeling of individual OWS was completed using an existing numerical model, HYDRUS 2-D, 
and a new analytical model, the Biozone Algorithm. Literature data and experimental results 
enabled single site-scale model formulation, calibration, and testing. The OWS site-scale 
source/transport/fate expressions have been incorporated into an existing watershed model, the 
Watershed Analysis Risk Management Framework model (WARMF) that can be used for 
simulating the effects of OWS relative to other pollutant sources on water quality in a watershed 
or sub-watershed. 

The WARMF model as well as the Better Assessment Science Integrating Point and Nonpoint 
Sources (BASINS)/Soil and Water Assessment Tool (SWAT) and Method for Assessment, 
Nutrient-loading, and Geographic Evaluation (MANAGE) models were setup for the Dillon 
Reservoir watershed in Summit County, Colorado. In this watershed there are approximately 
1,500 OWS as well as other nonpoint and point sources of pollution, and more than 600 onsite 
drinking water wells along with community wells and surface water supplies. 
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Dillon Reservoir supports varied recreation uses and also provides 25% of the drinking water 
supply for the City of Denver. After setup and calibration, model simulations were completed to 
examine current wastewater management scenarios and the simulation results were compared to 
field monitoring data. Examination of future wastewater management scenarios was also 
completed through watershed-scale model simulations (for example, abandonment of OWS and 
connection to a centralized publicly owned treatment works [POTW]). An independent peer 
review of the research was completed near the end of the project period. 

viii 



 

EXECUTIVE SUMMARY 

Wastewater management in the US includes millions of individual onsite wastewater systems 
(OWS), which are relied on to effectively treat and dispose of wastewater generated by 25% of 
the country’s population. In the past, OWS have often been viewed as a temporary approach to 
wastewater management and acceptable for use only until a centralized approach could be 
implemented. Yet there are many situations within the US (and more so in developing countries) 
where centralized systems are neither cost-effective nor sustainable due to a variety of factors 
(such as low-density development, rugged topography, limited water and energy supplies, and 
lack of skilled labor). 

Onsite and decentralized systems are characterized by collection distances that are short or 
negligible, with tank-based pretreatment followed by soil absorption to provide advanced 
treatment as the water percolates toward groundwater. These wastewater soil absorption systems 
can function as porous media biofilters. Soil porous media biofilters have the potential to achieve 
high treatment efficiencies over a long service life at low cost, and be protective of public health 
and environmental quality. These facts have been well-established (US EPA 1978; Jenssen and 
Siegrist 1990; Siegrist et al. 2001; and US EPA 2002). 

Favorable results from lab and field studies as well as an absence of documented adverse effects 
are consistent with an assessment that the performance of common OWS serving individual 
households is generally satisfactory. However, the quantitative understanding of and ability to 
predict the performance of household OWS as a function of design, installation/operation, and 
environmental factors have not been fully elucidated (Siegrist 2001; Siegrist et al. 2001). These 
gaps in knowledge are present for some facets of design and performance for OWS serving 
individual homes in low-density applications (for example, one OWS per hectare), while the 
knowledge gaps are even greater for OWS serving nonresidential establishments (such as fast-
food restaurants, nursing homes, or veterinarian clinics). As a result, the current state of 
knowledge and standard-of-practice have gaps that can preclude rational design of individual 
OWS to predictably and reliably achieve performance goals for a specific OWS application. 
Moreover, for higher density applications of OWS (for example, five OWS per hectare) or 
applications of large numbers of individual OWS within a watershed-scale framework, the 
quantitative analysis of long-term treatment efficacy, including assessment of cumulative effects 
and establishment of total maximum daily loads (TMDLs), is quite difficult. 
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The goal of this National Decentralized Water Resources Capacity Development Project 
(NDWRCDP) project, (Quantifying Site-Scale Processes and Watershed-Scale Cumulative 
Effects of Decentralized Wastewater Systems) was to develop understanding and modeling tools 
that can help quantify site-scale system processes and watershed-scale cumulative effects of 
OWS. A second major goal was to enhance the understanding of the potential watershed-scale 
effects of a broad-scale application of OWS, incorporating project results on the dynamic 
quantification of site-scale processes during the refinement, application, and evaluation of 
watershed modeling tools. To accomplish these goals, the project was designed and carried out 
by a collaborative team involving the Colorado School of Mines (CSM), Electric Power 
Research Institute (EPRI), Systech Engineering, Inc., United States Geological Survey (USGS), 
and the Summit County Environmental Health Department. The project scope included: 

• Literature review and analysis 

• Laboratory and field experimentation 

• Development and refinement of mathematical models 

• Completion of site-scale and watershed-scale model simulations 

• Field monitoring in a study watershed 

An independent peer review of the research was completed near the end of the project period. 

For the common soil-based OWS at the single-system scale, quantitative understanding of 
hydraulic and purification processes has been improved and site-scale models and 
decision-support tools have been developed and tested in this project. Based on literature data, 
cumulative frequency distributions were developed for concentrations of key characteristics of 
domestic septic tank effluent (STE) and for the transport/fate parameters that describe the 
treatment of nutrients in soil and groundwater systems (Kirkland 2001 and McCray et al. 2005). 
Experimental studies were completed involving STE treatment in a soil-based OWS to test a new 
experimental design methodology based on life-cycle acceleration and to provide a dataset for 
site-scale modeling (Siegrist et al. 2002). Through a series of experimental studies, fundamental 
understanding of bacteria and virus transport/fate in soil-based OWS was enhanced (Van Cuyk 
2003). At the Mines Park Test Site on the CSM campus, test cells representing a segment of an 
in situ porous media biofilter were established to examine hydraulic and purification processes as 
affected by hydraulic loading rate and infiltrative surface architecture in sandy-loam soils (Lowe 
and Siegrist 2002 and Tackett et al. 2004). An existing numerical model, HYDRUS 2-D, was set 
up to simulate a soil-based OWS and enable site-scale scenario analyses regarding hydraulic and 
purification performance (Beach and McCray 2003). A new site-scale model, referred to as the 
Biozone Algorithm, was formulated by Systech Engineering to describe the biozone 
development in a soil-based OWS and the hydraulic and purification performance of that OWS 
(Weintraub et al. 2002). This biozone model was tested against CSM experimental datasets. 
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A major facet of this project involved the refinement, application, and testing of an existing 
watershed-scale model, Watershed Analysis Risk Management Framework (WARMF) for the 
Dillon Reservoir watershed in Summit County, Colorado. There are about 1,500 OWS in this 
watershed as well as other nonpoint and point sources of pollution, and more than 600 onsite 
drinking water wells along with community wells and surface water supplies. In addition, Dillon 
Reservoir provides 25% of the drinking water supply for the City of Denver. In this project, 
WARMF has been modified to include explicit representation of OWS of different performance 
features, an integrated Biozone Algorithm, and cumulative frequency distribution curves for 
source concentrations and transport/fate parameters. As demonstrated in this project for the Blue 
River basin of the Dillon Reservoir watershed, the water quality effects of OWS were simulated 
using WARMF and compared to a water quality dataset generated during the project. 
Simulations were also completed to assess realistic decision-making scenarios concerning 
wastewater infrastructure in the watershed and to determine the comparative effects on water 
quality.  

WARMF as well as two other models, the Better Assessment Science Integrating Point and 
Nonpoint Sources (BASINS)/Soil and Water Assessment Tool (SWAT) and Method for 
Assessment, Nutrient-loading, and Geographic Evaluation (MANAGE) models, were set up, 
calibrated, and applied to the Dillon Reservoir watershed. Compared to WARMF, the 
BASINS/SWAT model does not explicitly account for OWS, is less efficient in running scenario 
analyses, and does not include modules for TMDL analysis and stakeholder consensus building. 
In terms of setup and application to a given watershed, both models will require considerable 
resources either in the form of the upfront purchase price for a setup and calibrated model (such 
as WARMF) or for the consultant or in-house labor costs to setup, calibrate, and run a 
public-domain model (such as BASINS/SWAT). MANAGE is a comparatively simple 
geographic information system (GIS)-based vulnerability mapping tool to identify potential 
hotspots and is similar in many respects to mass balance calculation approaches that could be 
formulated and applied to a particular potential problem area. After setup and calibration, model 
simulations were completed to examine current wastewater management scenarios and the 
simulation results were compared to field monitoring data. Examination of future wastewater 
management scenarios was also completed through watershed-scale model simulations (such as 
simulation of the abandonment of OWS and connection of homes to a centralized wastewater 
treatment plant [WWTP]).  

The environmental monitoring and subsurface characterization efforts of this project were 
focused on developing sufficient understanding of the Dillon Reservoir watershed to enable 
model setup and initial calibration. The water quality monitoring was focused on surface water 
flow and quality at up to 20 monitoring locations in the watershed. Quality data include routine 
water quality parameters, wastewater-related pollutants, and some chemical and biological 
tracers. In performing the characterization work an attempt was made to use limited and 
potentially uncertain data and to assess the reliability of that approach. At the watershed-scale in 
the Dillon Reservoir watershed, compared to urbanized development and WWTP discharges, 
OWS are not a principal source of water pollutants as evidenced by source load mass balance 
calculations, WARMF and BASINS/SWAT model simulation results, and water quality 
monitoring and analysis of spatial and temporal trends. 
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Application of a watershed-scale decision-support tool such as WARMF can enable analysis of 
wastewater management scenarios and provide critical insight into the water quality benefits of 
one management option compared to another. Based on WARMF simulations of different 
wastewater management scenarios in the Blue River basin, extending central sewers and 
conversion of OWS to a central WWTP appears to offer little or no benefit in terms of surface 
water quality protection, and in some cases may lead to surface water quality degradation. 

While the research completed during this project has advanced the science and engineering of 
OWS, there are still some gaps in understanding that further research should attempt to fill. In 
general, there continues to be a need for quantitative understanding to enable proper OWS design 
to yield a desired performance level. Such understanding also enables the design and 
implementation of monitoring devices and methodologies for process control and performance 
assurance.  

The methodology and tools developed in this project are recommended for application in support 
of decision-making in Summit County, Colorado, and the benefits gained from this decision 
support should be documented and used to assess the benefit/cost of quantitative decision 
support such as reported herein. In addition, the methods and tools developed in this project 
should be applied and tested for other situations and environmental conditions to determine the 
extent of extrapolation possible. Considering the scope of the research completed in this project, 
those components of the work that would be most valuable to enabling application to another 
geographic region of the US for watershed-scale management would include WARMF (and a 
comparative model) model refinement, setup, calibration, and simulations along with necessary 
and appropriate environmental characterization and watershed monitoring. Depending on the 
goals of the research during a similar project in another region of the US, additional site-scale 
testing and experimentation (to generate site-specific input data and algorithms for modeling) 
might also be warranted. 
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1  INTRODUCTION 

Wastewater infrastructure includes a continuum of approaches that range from highly centralized 
systems serving densely populated urban areas to decentralized onsite systems serving sparsely 
populated rural areas. Centralized systems serve about 75% of the US population and are 
generally characterized by gravity piping networks that convey wastewaters from remote 
generation to centralized treatment plants where engineered, tank-based biological processes are 
supported by physicochemical processes, and the effluent is disinfected and discharged to a 
receiving surface water near the plant location.  

Onsite and decentralized systems serve about 25% of the US population and are characterized by 
collection distances that are short or negligible, with tank-based pretreatment followed by natural 
systems for advanced treatment before discharge to the land with recharge to groundwater.  

Project Background and Motiviation 

In the past, onsite systems have often been viewed as a temporary approach to wastewater 
management and acceptable for use only until a centralized approach could be implemented. Yet 
there are many situations within the US (and more so in developing countries) where centralized 
systems are neither cost-effective nor sustainable due to a variety of factors (such as, low-density 
development, rugged topography, limited water and energy supplies, lack of skilled labor). In 
these situations, decentralized systems can and should be considered as long-term solutions (US 
EPA 1997). 

Decentralized approaches to wastewater infrastructure are based on the use of onsite wastewater 
systems (OWS). These have evolved greatly during the 20th century from early cesspool and 
seepage pit designs that were focused simply on waste disposal to contemporary OWS designs 
that include unit operations to achieve advanced treatment as well as disposal and, in some cases, 
beneficial reuse. OWS can now be designed from a rapidly increasing array of options that 
include engineered tank and packed-bed reactors as well as natural system treatment operations. 
System designs can be tailored for a given application to yield high treatment efficiencies over a 
long service life at low cost and be protective of public health and environmental quality. Today, 
there is a considerable knowledge base regarding OWS design, implementation, and 
performance that enables many commonly used systems to be implemented by experienced 
practitioners (Crites and Tchobanoglous 1998, Siegrist et al. 2001, and US EPA 2002).  
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While much is known through research and field experiences (US EPA 1997; EPRI 2001; and 
US EPA 2002), the current state of knowledge does not fully support rational system design to 
predictably and reliably achieve specific performance goals. As a result, scientists or engineers 
unfamiliar with the field of OWS often find it difficult to understand how systems are identified, 
evaluated, designed, and implemented for an expected service life of 10 to 20 years or more. 
Moreover, when discriminating between optional OWS approaches for a single site (at the site 
scale) or decentralized versus centralized approaches for a larger development (at the watershed 
scale) it is often difficult, if not impossible, to ensure that decision-making will lead to a 
cost-effective solution for reducing wastewater related impacts and risks to an acceptable level. 
Due to a lack of complete understanding of OWS, the technology may not be exploited fully 
and/or inappropriate and even harmful applications may occur. 

The state of knowledge and practice for onsite wastewater treatment in the US has been 
summarized in several recent reports and publications (US EPA 1997; Crites and Tchobanoglous 
1998; EPRI 2001; and US EPA 2002). A national conference, “National Research Needs 
Conference: Risk-Based Decision Making for Onsite Wastewater Treatment,” was convened at 
Washington University in St. Louis in May 2000 with sponsorship by the National Decentralized 
Water Resources Capacity Development Project (NDWRCDP), United States Environmental 
Protection Agency (US EPA), and Electric Power Research Institute (EPRI) (EPRI 2001). As 
described in a white paper prepared by Siegrist et al. (2001) and presented at that conference, the 
primary system for onsite and decentralized wastewater treatment in the US includes septic tank 
pretreatment followed by subsurface infiltration and percolation through the vadose zone prior to 
recharge of the underlying groundwater (Figure 1-1). These wastewater soil absorption systems 
(WSAS) can function as porous media biofilters (Figure 1-2) and have the inherent capability to 
achieve high treatment efficiencies over a long service life at low cost while being protective of 
public health and environmental quality. Favorable results from lab and field studies over the 
years as well as an absence of documented adverse effects suggest that system design and 
performance are generally satisfactory. However, in contrast, OWS are often reported to be a 
primary cause of groundwater contamination and even infectious disease transmission in the US 
(Powelson and Gerba 1994). In addition, as increasing numbers of OWS are located in a 
geographic area at higher densities, the cumulative effects on water quality in a sub-watershed or 
watershed can become of concern. In these settings, the effects of older and contemporary OWS 
need to be considered in light of other sources of pollutant loading to the environment (such as 
municipal wastewater treatment plant (WWTP) discharges, agricultural runoff, storm water 
runoff, atmospheric deposition) (Figure 1-3). 
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Figure 1-1 
Classic Onsite Wastewater System and the Local Site-Scale Setting 
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Figure 1-2 
Site-Scale Processes Affecting the Performance of a Common Soil-Based OWS 
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Figure 1-3 
Watershed-Scale Framework Within Which Large Numbers of Individual OWS Can Occur 

While considerable research has been accomplished, much of it has been empirical and has not 
led to quantitative understanding and predictive modeling tools. That is to say that the 
understanding and predictability of performance as a function of design, installation/operation, 
and environmental factors, as well as the risk of inadequate function and its effects, have not 
been fully elucidated. This knowledge gap includes spatial scales that span the single-site OWS 
up to a watershed scale system and temporal scales that span years to decades. The absence of 
fundamental OWS process understanding that enables system performance relationships to be 
quantified and modeled for predictive purposes makes it extremely challenging to answer 
questions such as those posed in Table 1-1 with any certainty. 

Table 1-1 
Example Questions That Quantitative Understanding and Modeling Tools Can Help 
Answer 

Scale Example Questions  

Single site scale How does the clogging zone develop in a soil system based on hydraulic loading 
rate and effluent quality?  

 What is the effect on purification of increasing the dosing frequency for septic tank 
effluent to sandy soil from 4 to 24 times daily? 

 How does the long term acceptance rate change if the effluent biochemical oxygen 
demand applied is reduced by 50%? 

 Will 99.99% virus removal still be achieved if the unsaturated zone depth is 
reduced from 4 to 2 ft.? 
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Table 1-1 
Example Questions That Quantitative Understanding and Modeling Tools Can Help 
Answer (Cont.) 

Scale Example Questions 

Cluster and 
subdivision scale 

Will mounding beneath a large cluster system reduce the depth to groundwater to 
<3 ft.? 

 What is the minimum lot size in a subdivision to keep nitrate below 10 mg-N/L in 
groundwater? 

 Do OWS pose a current or future risk to public health in a subdivision via 
groundwater contamination and private wells? 

Watershed scale What portion of the total nitrogen and phosphorous load to a river comes from 
onsite systems? 

 What is the impact (positive and/or negative) on water quality of discontinuing 
onsite services and extending water and/or sewer services? 

 What is the impact (positive and/or negative) on water quality of requiring onsite 
service upgrades including advanced treatment units and/or point-of-use water 
treatment? 

 Is there a future risk to drinking water contamination via OWS impacting 
groundwater if onsite systems and private wells continue to be used? 

Mathematical models provide a powerful tool for understanding wastewater flow and pollutant 
transformations and describing the performance of OWS. Proper and careful use of single-site 
process models can enable optimization of system design and operation, as well as provide a 
quantitative understanding of how factors such as mass loading, soil type, infiltrative surface 
characteristics, and wastewater quality impact pollutant treatment. Site-scale models include 
simple spreadsheet-based equations as well as complex numerical models that can simulate 
unsaturated flow and reactive chemical transport.  

At the other end of the spectrum of spatial scales are calibrated watershed models that can allow 
prediction of the impacts of decentralized wastewater systems on groundwater quality as well as 
assist in determination of total maximum daily loads (TMDLs) for a watershed. Such models 
should also be useful for planners who desire to regulate population growth in the watershed. 
Watershed models range from simple water-balance and chemical-mass-balance methods, to 
subjective or semi-quantitative geographic information system (GIS) methods, to complex 
numerical models that attempt to account for many different hydrologic transport processes. 
Modeling requires that important issues are addressed such as:  

• Evaluating the appropriate level of model complexity for various purposes 

• Linking the relevant single site-scale processes to watershed-scale models 

• Incorporating appropriate flow and transport parameters into these models 

1-5 



 
Introduction 

Project Objectives 

Developing an understanding and modeling tools that can help quantify site-scale system 
processes and watershed-scale cumulative effects of OWS is the goal of this NDWRCDP study. 
Specific objectives include: 

• Quantification of site-scale processes and development of increased understanding and 
modeling tools for applications involving individual OWS 

• Incorporation of project results on the dynamic quantification of site-scale processes during 
the refinement, application, and evaluation of watershed modeling tools 

• Application of the understanding and methods developed to assess the watershed-scale 
effects of a broad-scale use of OWS 

Project Approach 

This project was designed and carried out in two phases by a collaborative team involving 

• The Colorado School of Mines (CSM) 

• EPRI 

• Systech Engineering, Inc 

• United States Geological Survey (USGS) 

• The Summit County Environmental Health Department (SCEH), including participation by a 
stakeholder group from the study area 

To accomplish the project goals and objectives, several tasks including literature review and 
analysis, laboratory experimentation and field monitoring, development and refinement of 
mathematical models, and completion of site-scale and watershed-scale model simulations were 
completed. Analysis of literature data along with laboratory experimentation enhanced the 
understanding of the transport/fate of microbes and chemicals in OWS and enabled single 
site-scale model development.  

The site-scale source/transport/fate expressions have been incorporated into an existing 
watershed model, the Watershed Analysis Risk Management Framework (WARMF) model that 
can be used for simulating the effects of OWS relative to other pollutant sources on water quality 
in a watershed or sub-watershed. The WARMF model as well as the Better Assessment Science 
Integrating Point and Nonpoint Sources (BASINS) model were setup for the Dillon Reservoir 
watershed in Summit County, Colorado where there are approximately 1,500 OWS as well as 
other nonpoint and point sources of pollution, and more than 600 onsite drinking water wells 
along with community wells and surface water supplies. Dillon Reservoir is also used as a 
drinking water supply for the City of Denver. After setup and calibration, model simulations 
were completed to examine current wastewater management scenarios and the simulation results 
were compared to field monitoring data. Examination of future wastewater management 
scenarios was also completed through watershed-scale model simulations (for example, 
abandonment of OWS and connection to a centralized WWTP). 
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The project approach included the following set of interrelated tasks (Figure 1-4): 

• Setup and calibrate WARMF for the Blue River study area in Summit County, Colorado 

• Refine algorithms and representation of OWS 

• Review literature and input parameter cumulative frequency distributions (CFDs) 

• Site-scale algorithms and model formulations (HYDRUS 2-D, Biozone) 

• Experiments for rate/capacity parameter estimates 

• Focused water quality studies in the watershed 

• Simulations for selected scenarios 

• Model comparisons (WARMF, BASINS, and MANAGE) 

• Verification assessment and peer review 
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Figure 1-4 
Relationships of NDWRCDP Project Tasks 
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The full project was completed in two integrated phases. This approach was selected to permit 
funding of Phase 1 initially, with funding of Phase 2 authorized one year after Phase 1 was 
initiated. A final element in the project was an independent peer review, which occurred during 
late spring and summer 2003.  

The NDWRCDP project described in this report was enabled by other research recently 
completed or ongoing as part of the small flows research program at CSM (Figure 1-5). Existing 
facilities and methodologies were employed and coordination was achieved with ongoing 
research. This was critical to providing a knowledge base for quantitative understanding and to 
provide experimental datasets to aid model formulation, calibration and testing. 
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Figure 1-5 
Illustration of Related CSM Research That Supported Completion of the NDWRCDP Project 

Report Organization 

The project included a set of interrelated tasks, which generated a substantial body of research 
results produced through experimental work, field monitoring, and modeling efforts (Figure 1-4). 
This report describes the methods and results of experimentation, environmental monitoring, and 
mathematical modeling completed to quantify the site-scale processes and watershed-scale 
cumulative effects of decentralized wastewater systems. 

The report chapters provide a summary of the various facets of the project while detailed 
information on each component of the effort is provided in the Appendices (Table 1-2).  
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In addition to the information contained in this report, additional details regarding the work may 
be found in:  

• Published CSM student theses and dissertations (Beach 2001, Kirkland 2001, Albert 2002, 
Guelfo 2003, Lemonds 2003, Van Cuyk 2003, Tackett 2004, Smith 2004) 

• Conference proceedings papers (Chen et al. 2001a; Huntzinger et al. 2001; Siegrist et al. 
2002; Van Cuyk and Siegrist 2001; Van Cuyk et al. 2002; Weintraub et al. 2002; Lemonds 
and McCray 2004; Smith et al. 2004; Bagdol et al. 2004; Tackett et al. 2004; Van Cuyk and 
Siegrist 2004; and Weintraub et al. 2004) 

• Journal articles (Siegrist 2001; Beach and McCray 2003; Beach et al. 2005; McCray et al. 
2005; and Van Cuyk et al. 2004) 

• Forthcoming publications 

Table 1-2 
Reader’s Guide for Supporting Information Given in Appendices to the Report 

Report or Appendix Additional Information Presented 
in the Appendix 

Selected Related 
Publications 

Chapter 1,  
Introduction 

None None 

Chapter 2,  
Study Watershed Environmental 
Setting 

App E, Water Quality Monitoring Bagdol et al. 2004;  
Smith et al. 2004;  
Smith 2004; Guelfo 2003; 
Smith et al. 2002  

Chapter 3,  
Introduction to the Watershed 
Analysis Risk Management 
Framework (WARMF) Model 

App A, Input Parameters for 
Modeling Flow and Transport in 
Onsite Wastewater Systems 

App C, Biozone Development and 
WSAS Performance: Laboratory 
Studies 

App E, Water Quality Monitoring 

Chen et al. 2001a; 
2001b;  
Herr et al. 2000  

Chapter 4,  
Biozone Algorithm 

App B, Pathogen Transport-Fate 
Studies 

App C, Biozone Development and 
WSAS Performance: Column 
Studies 

App D, Biozone Genesis and WSAS 
Performance: Field 3-D Test Cells 

Weintraub et al. 2002 

Chapter 5,  
Application of WARMF in the 
Dillon Reservoir Watershed 

App A, Input Parameters for 
Modeling Flow and Transport in 
OWS 

Weintraub et al. 2004 
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Table 1-2 
Reader’s Guide for Supporting Information Given in Appendices to the Report (Cont.) 

Report or Appendix 
Additional Information 

Presented  
in the Appendix 

Selected Related 
Publications 

Chapter 6,  
Additional Models Applied 

App F, Site-Scale Modeling 
Using HYDRUS 2-D 

App G, Watershed Modeling 
Using BASINS/SWAT 

App H, Watershed Modeling 
Using MANAGE 

Van Cuyk et al. 2004;  
Beach and McCray 2003; 
Huntzinger et al. 2001;  
Van Cuyk and Siegrist 
2001 

Chapter 7,  
Stakeholderand User Perspectives 

None None 

Chapter 8,  
Summary, Conclusions, and 
Recommendations 

None None 

Appendix A,  
Input Parameters for Modeling Flow and 
Transport in Onsite Wastewater Systems 

Not applicable McCray et al. 2005;  
Kirkland 2001 

Appendix B,  
Pathogen Transport—Fate Studies 

Not applicable Van Cuyk et al. 2004;  
Van Cuyk 2003;  
Van Cuyk et al. 2002;  
Van Cuyk and Siegrist 
2001 

Appendix C,  
Biozone Development and WSAS 
Performance: Column Studies 

Not applicable Beach 2001; Siegrist et al. 
2002; Beach et al. 2005 

Appendix D,  
Biozone Genesis and WSAS 
Performance: Field 3-D Test Cells 

Not applicable Tackett et al. 2004;  
Tackett 2004 

Appendix E,  
Water Quality Monitoring 

Not applicable Guelfo 2003; Smith 2004; 
Bagdol et al. 2004;  
Smith et al. 2004 

Appendix F,  
Site-Scale Modeling Using HYDRUS 2-D 

Not applicable Huntzinger et al. 2001; 
Beach and McCray 2003 

Appendix G,  
Watershed Modeling Using 
BASINS/SWAT 

Not applicable Lemonds 2003; Lemonds 
and McCray 2004 

Appendix H,  
Watershed Modeling Using MANAGE 

Not applicable None 
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2 STUDY WATERSHED ENVIRONMENTAL 
SETTING 

The Dillon Reservoir watershed is located in Summit County, Colorado in the northwest 
quadrant of the State (Figure 2-1). The lowest elevation is 7,947 feet, and the highest elevation is 
14,270 feet. Summit County has an area of 383,260 acres, or 598.8 square miles. Dillon 
Reservoir is located in the center of the county, and the area that drains into the reservoir is 
situated to the south. Dillon Reservoir was completed in 1963 and is approximately 3,140 acres 
in area and 246,777 acre-ft in volume (Summit County Government 1998). The reservoir serves 
as an aesthetic resource and also supplies approximately 25% of the drinking water for the 
Denver area. There are three major streams that flow into the reservoir: Tenmile Creek, Blue 
River, and Snake River. Since the creation of the reservoir in 1963, this area has undergone 
many changes. There has been a rapid increase in population, an associated increase in 
development, and a decrease in the mining activity in the area. 

 
Figure 2-1 
Location of the Dillon Reservoir Watershed in Summit County, Colorado (Guelfo 2003) 

Introduction to the Study Area 

This study included modeling and field monitoring that was focused on portions of Tenmile 
Creek, Blue River, and Dillon Reservoir itself (Figure 2-2). 
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Figure 2-2 
Important Geographic Features of the Study Area (Monitoring Location Identification 
Includes BR for Blue River, FT for Frisco Terrace, GG for Gold Run Gulch, MW for 
Monitoring Well, and SR for Swan River) 
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Two major areas of development upstream of Dillon Reservoir include the towns of Frisco and 
Breckenridge (Figure 2-2). Rapid development of these towns and others in the area caused 
Summit County to be the most rapidly growing county in the country from 1970 to 1980 
(Summit County Government 1998). During this time period, there was a 232% increase in 
population. From 1980 to 1990, there was a 45.6% increase in population). From 1970 to 1998, 
total number of housing units increased from 2,198 to 23,019. According to the 2000 Census, the 
town populations of Frisco and Breckenridge are both approximately 2,500. The town of Frisco 
utilizes both surface water and wells as a source of drinking water. Breckenridge utilizes a small 
reservoir, Goose Pasture Tarn, as well as South Barton Creek for its drinking water. The towns 
of Frisco and Breckenridge utilize sewerage and centralized WWTPs with discharge to surface 
waters, while suburban and rural development relies on OWS (Figure 2-2).  

Water Quality Monitoring 

Water quality has been extensively monitored and studied in the primary watersheds of Summit 
County, Colorado for more than two decades. In the early 1980s declining water quality in the 
reservoir attributed to phosphorous loading, which resulted in the establishment of the Dillon 
Reservoir Control Regulation established by the Colorado Water Quality Control Commission. 
As a result, several control measures have been implemented including institution of state-of-the-
art tertiary treatment systems at all publicly-operated treatment works that discharge into the 
watershed, several storm water retention projects, and over the last few years, an erosion control 
program. Additional measures have also been taken by the Summit County Environmental 
Health Department over the last two decades to refine the design regulations for OWS with the 
intent of have the most effective treatment systems installed in all parts of the county. These 
measures rapidly improved water quality in the reservoir in terms of nutrient loading. However, 
as rapid growth occurred throughout the subsequent decades, nutrient levels (in particular 
phosphorous) continued to creep toward regulatory limits established by the Colorado Water 
Quality Control Commission. The regulatory limit of 7.4 mg/L of phosphorous in the water of 
the reservoir as measured during the growing season (May through September) has been 
exceeded twice since 2001 and is attributed, in part, to the recent drought. As the major point 
source dischargers have continued to contribute very low levels of phosphorous to overall Dillon 
Reservoir nutrient loads, other contributors to phosphorous loading have been identified. 

Focus Areas 

Smaller focus areas were designated within the watershed study area in order to understand the 
effects of OWS on a smaller scale (Figure 2-2). For example, Blue River Estates, which is 
situated along Pennsylvania Creek, uses exclusively OWS as a means of domestic waste disposal 
and was chosen as a focus area for this study. Swan River (Ten Mile Vista) and portions of 
Tenmile Creek (Frisco Terrace) were chosen as focus areas for similar reasons. A map of the 
watershed showing the locations of each of the three focus areas can be found in Figure 2-2. 
Additionally, Table 2-1 Description of Focus Areas and Pertinent Management Questions gives a 
more detailed description of each focus area along with management questions applicable to 
each area. These management questions demonstrate the importance of more detailed study in 
these areas. 
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Table 2-1 
Description of Focus Areas and Pertinent Management Questions 

Focus Area Example Management Questions 

Focus Area 1—Frisco Terrace: Frisco Terrace and 
Wiborg Park are two continuous subdivisions surrounded 
on three sides by incorporated sections of the Town of 
Frisco and on the fourth side by Interstate 70. These 
subdivisions were created in the mid-1960s and consist of 
generally one-half-acre parcels. All parcels are served by 
private well and sewage systems with the exception of a 
few properties on the fringes, which have opted to connect 
to the town sewer and/or water system. The western edge 
of both subdivisions lies at approximately 9,175 feet above 
sea level and drops rapidly to the east to a flat plain of 
approximately 9,125 feet above sea level. The total lot 
count in both subdivisions is about 120 with the vast 
majority in the alluvial plain of Tenmile Creek. Water well 
depths range from approximately 40 to 525 feet, with the 
vast majority less than 150 feet. Private water well data 
collected by Summit County from 1995 to date show nitrate 
concentrations in drinking water from approximately 2 to 
nearly 7 mg-N/L (milligrams nitrate per liter). 

• Is there any current risk to public 
health in the subdivision via private 
wells? 

• Is there a future risk to public health if 
OWS and private wells continue to be 
used? 

• What is the contribution of OWS to 
pollutant loads in Dillon Reservoir via 
Tenmile Creek? 

• What is the impact (positive and/or 
negative) of discontinuing onsite 
services and extending water and/or 
sewer services from the City of 
Frisco? 

• How will any infrastructure changes be 
financed? 

Focus Area 2—Ten Mile Vista: This area is located 
midway between Frisco and Breckenridge, just east of 
Colorado Highway 9. The subdivision consists of two 
filings. Filing 1 was platted in 1963 and consists of 
approximately 51 lots. The lots are generally one-half-acre 
in size, and the subdivision is approximately 85% built out. 
Filing 2, platted in 1970, lies directly to the north of Filing 1 
and consists of 24 lots of generally two acres each. The 
subdivision slopes from west to east from an elevation of 
about 9,300 to 9,200 feet above sea level. Shallow soils 
predominate the area underlain by fractured and 
decomposing granite and shale formations. Shallow 
groundwater follows a main drainage area toward the 
center of the subdivision. The alluvial plain of the Swan 
River runs adjacent to the eastern edge of the subdivision. 
The Breckenridge Golf Course is located directly south of 
this subdivision. Drainage from the golf course generally 
flows east and west from a center ridgeline, which is 
common to the western edge of the subdivision. Water well 
depths in this subdivision range from 40 to 350 feet, with 
the majority in the 90- to 150-foot range. Due to elevation 
and surface topography, this subdivision is relatively 
isolated from surrounding land uses. Private water well 
data collected by Summit County from 1995 to date 
indicate nitrate in drinking water ranges from <1 to 
7 mg-N/L. 

• Is there any current risk to public 
health in the subdivision via private 
wells? 

• Is there a future risk to public health if 
OWS and private wells continue to be 
used? 

• What is the contribution of OWS to 
pollutant loads in Dillon Reservoir via 
the Blue River? 

• What is the impact (positive and/or 
negative) of requiring onsite service 
upgrades including advanced 
treatment units and/or point-of-use 
water treatment? 

• What is the impact (positive and/or 
negative) of discontinuing onsite 
services and establishing a satellite 
services proximal to development 
area? 

• How will infrastructure changes be 
financed? 
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Table 2-1 
Description of Focus Areas and Pertinent Management Questions (Cont.) 

Focus Area Example Management Questions 

Focus Area 3 —Blue River Estates: This area consists of 
a number of small subdivisions along a small tributary of 
the Blue River, Pennsylvania Creek and has widely varying 
soil and topography conditions in an older, more densely 
developed subdivision. The total lot count in the 
subdivisions is about 250. The subdivision lies at an 
elevation of about 10,000 to 10,200 feet, and because 
Arapaho National Forest and the Continental Divide 
provide a relatively pristine environment upstream from the 
subdivisions, there are few land uses other than the 
housing development in the immediate area that could 
affect water resources. 

• Is there any current risk to public 
health in the subdivision via private 
wells? 

• Is there a future risk to public health if 
OWS and private wells continue?  

• What is the contribution of OWS to 
pollutant loads in Dillon Reservoir via 
the Blue River? 

• What is the impact (positive and/or 
negative) of requiring onsite upgrades 
including advanced treatment units 
and/or water treatment? 

• What is the impact (positive and/or 
negative) of discontinuing onsite 
services and establishing a satellite 
services proximal to development 
area? 

• How will infrastructure changes be 
financed? 

There are several features in the study area that have the potential to affect water quality. These 
features, shown on Figure 2-2, include the towns of Frisco and Breckenridge, the Iowa Hill 
wastewater treatment facility (serving Breckenridge), two riparian wetlands upstream of Goose 
Pasture Tarn, Goose Pasture Tarn (a small reservoir), and the presence of OWS in the study area. 
The Water Quality section addresses the water quality of the study area and discusses what, if 
any, impacts are being caused by these features.  

Finally, it is important to note the locations of sampling sites (surface water and groundwater) 
within the study area. Approximately 20 surface water sampling sites were established within the 
study area (Figure 2-2). Sites were chosen in two ways:  

1. To target certain features of the study area (that is, focus areas and areas of development) 

2. Using a method by Sharp (1971), which ensures an even distribution of sampling points 
within a study area 

There are also four groundwater monitoring well (MW) locations in the study area. They were 
emplaced in two of the focus areas: Frisco Terrace and Blue River Estates. These MW locations 
are shown on Figure 2-2 and include:  

• A background site that is considered to be unimpacted by development at the edge of the 
Blue River Estates development at a higher elevation (MW1) 
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• A location within the development at Blue River Estates near the confluence of Blue River 
and Pennsylvania Creek (MW2) 

• Two locations in Frisco Terrance (MW3 and MW4), which represent a highly populated area 
along Tenmile Creek near the exit of the stream into Dillon Reservoir 

MW3 has water in both shallow and deep piezometers, so MW3 water-level measurements and 
groundwater samples are designated MW3U (upper) and MW3L (lower) to differentiate between 
the two monitoring depths at this location. 

Geology and Soils 

This section describes the geology and soils properties in the focus areas. 

Geology 

Various maps were consulted to determine the geology of the study area. These maps indicate 
that the bedrock in the study area consists primarily of sandstone, shale, carbonate, diorite, and 
gneiss of varying ages (Tweto 1973). In much of the study area the bedrock is overlain by glacial 
deposits, also of varying ages. In the Blue River Estates focus area, situated in the southern 
portion of the watershed, this bedrock is specifically comprised of the Minturn and Belden 
formations. The Minturn formation is Precambrian in age and includes sandstone, grit, 
conglomerate, and shale with scattered beds of carbonate rocks. This unit is 6,000 feet thick or 
more, thinning to the east. The Belden formation is also Precambrian in age and contains black 
shale, carbonate rock, and sandstone intruded by the Laramide intrusive rocks made up of quartz 
monzonite, granodiorite, and quartz diorite porphyries. This unit is approximately 900 feet thick. 
Well logs indicate that the overburden of glacial deposits in the Blue River Estates focus area is 
approximately 60 feet thick. Along the river corridor, overburden consists of young glacial drift. 
This glacial material is sand and gravel with unsorted bouldery deposits. 

Geology of the study area remains similar to that described in the previous paragraph in much of 
the southern portion of the watershed. However, moving north and west in the watershed, 
including the Frisco Terrace focus area, bedrock geology changes into heavily faulted biotitic 
gneiss and migmatite containing minor layered hornblende gneiss and calcareous silicate. These 
rocks are also Precambrian in age. Overburden in this focus area is Pinedale and Bull Lake 
glacial drift deposits of bouldery till and associated sand and gravel deposits. This glacial till 
appears to overlay the aforementioned metamorphic deposits in an area where they come into 
contact with the Pierre Shale, Dakota Group, and Morrison formation. The latter are widespread 
in Colorado, marine in origin, and consist of conglomerate, sandstone, limestone, and shale.  
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Soils 

Soil surveys in Summit County were completed by the Soil Conservation Service of the US 
Department of Agriculture in 1980 (USDA 1980). Soils in the watershed are predominantly 
Grenadier soils described as deep, well drained, and moderately permeable. Grenadier soils are 
strongly acidic (pH of 4.8–5.5), medium textured soils with a gravelly-loam surface layer  
(0–6 in.), a sandy-clay-loam subsoil (6–19 in.), and a cobble-loam substratum (19–60 in). 
Permeability rates are reported at 0.6–2.0 in./hr at a depth of 0–19 in. and 2.0–6.0 in./hr at a 
depth of 19–60 in. The subsoil and substratum contain more than 35% rock fragments, by 
volume (USDA 1980). In the southern portion of the watershed these soils are situated on slopes 
ranging from 6–55%. In the northern portion of the watershed they are on a shallower slope of 
approximately 0–6%. 

Soil core samples collected during Colorado School of Mines (CSM) MW installation activities 
in Summit County in fall 2001 were analyzed for physical and chemical properties. The shallow 
subsurface was characterized to consist of sandy-loam to loamy-sand textures (Table 2-2) in the 
depth interval where OWS are typically established in Summit County (that is, one to two meters 
of vadose zone below the infiltrative surface). Soil chemical properties within three meters below 
ground surface revealed median values for pH of 7.05 and organic matter at 0.2 weight percent 
(Table 2-3). Characteristics of the shallow subsurface at Blue River Estates and Frisco Terrace 
were similar, while limited data for Ten Mile Vista revealed it to have different properties (such 
as relatively lower pH, higher organic matter, and higher nitrogen).  

Table 2-2 
Physical Characteristics of the Shallow Subsurface in the Dillon Reservoir Watershed 
Based on Soil Core Analyses During CSM Drilling Activities (Fall 2001) 

Focus Area Location Depth 
bgs (m) 

Sand 
(wt.%) 

Silt 
(wt.%) 

Clay 
(wt.%) USDA Texture 

Blue River Estates MW1 0.75 60 27 13 Sandy loam 

  1.80 63 23 14 Sandy clay loam 

  3.30 81 12 7 Loamy sand 

 MW2 0.60 75 19 6 Sandy loam 

  1.80 73 19 8 Sandy loam 

  3.00 72 19 9 Sandy loam 

 SB1 0.60 78 15 7 Loamy sand 

  3.00 70 20 10 Sandy loam 
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Table 2-2 
Physical Characteristics of the Shallow Subsurface in the Dillon Reservoir Watershed 
Based on Soil Core Analyses During CSM Drilling Activities (Fall 2001) (Cont.) 

Focus Area Location Depth 
bgs (m) 

Sand 
(wt.%) 

Silt 
(wt.%) 

Clay 
(wt.%) USDA Texture 

Frisco Terrace MW3 0.60 78 15 7 Loamy sand 

  1.80 80 14 6 Loamy sand 

  3.00 76 16 8 Sandy loam 

 SB2 0.60 74 18 8 Sandy loam 

  3.00 81 13 6 Loamy sand 

 MW4 0.60 81 13 6 Loamy sand 

  1.80 88 7 5 Sand 

  3.00 73 19 8 Sandy loam 

Ten Mile Vista SB3 0.60 48 13 15 Loam 

  1.80 77 15 8 Sandy loam 

Statistics Minimum=  48 7 5 Sandy loam 

 Maximum=  88 37 15 Loamy sand 

 Median=  75.5 17.0 8.0  

Note: MW denotes monitoring well location, SB denotes soil boring location. 

Table 2-3 
Chemical Characteristics of the Shallow Subsurface in the Dillon Reservoir Watershed 
Based on Soil Core Analyses During CSM Drilling Activities (Fall 2001) 

Focus 
Area Location Depth 

bgs (m) pH Org. M. 
(wt.%) 

Available 
P (mg/kg) 

Total N 
(mg/kg) 

NH4-N 
(mg/kg) 

Ca + Mg
(mg/kg) 

MW1 0.75 7.7 0.2 7 87 3.8 1540 Blue River 
 Estates 

 1.80 7.8 0.1 7 59 3.9 1370 

  3.30 8.0 0.1 7 33 2.7 820 

 MW2 0.60 6.4 1.0 16 579 4.2 1080 

  1.80 7.1 0.7 14 319 3.6 1250 

  3.00 8.2 0.2 8 93 0.6 1010 
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Table 2-3 
Chemical Characteristics of the Shallow Subsurface in the Dillon Reservoir Watershed 
Based on Soil Core Analyses During CSM Drilling Activities (Fall 2001) (Cont.) 

Focus 
Area Location Depth 

bgs (m) pH Org. M. 
(wt.%) 

Available 
P (mg/kg) 

Total N 
(mg/kg) 

NH4-N 
(mg/kg) 

Ca + Mg
(mg/kg) 

SB1 0.60 7.0 0.6 28 145 1.1 810 Blue River 
Estates 
(Cont.)  3.00 7.9 0.2 8 68 11.1 850 

MW3 0.60 6.3 0.6 15 232 4.9 490 Frisco 
 Terrace 

 1.80 6.8 0.2 11 91 2.6 510 

  3.00 7.1 0.2 15 49 0.5 1530 

 SB2 0.60 5.7 1.1 32 280 4.5 580 

  3.00 6.9 0.2 5 42 0.8 1140 

 MW4 0.60 6.7 0.4 22 98 0.1 450 

  1.80 7.3 0.1 10 26 0.1 180 

  3.00 7.2 0.2 16 44 0.1 380 

SB3 0.60 4.9 6.1 21 3931 41.5 1940 Tenmile 
 Vista 

 1.80 5.9 0.6 6 232 2.0 750 

Statistics Minimum=  4.9 0.1 5 26 0.1 180 

 Maximum=  8.2 6.1 32 3931 41.5 1940 

 Median=   7.05 0.2 12.5 92.1 2.6 840 

Note: MW denotes monitoring well location, SB denotes soil boring location. 

Water Quality 

This section describes the water quality in the focus areas. 

Surface Water: Introduction 

One of the primary goals of the surface water monitoring was to determine what, if any, are the 
effects of OWS on the study area, and how those effects compare to those attributed to WWTP. 
This question was approached by studying trends in space as well as trends in time (Guelfo 2003 
and Appendix E, Water Quality Monitoring). This approach enables the water quality at each 
monitoring station to be put into context with the water quality at other times of the year and at 
other sites.  
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Studying trends in time, or seasonal trends, reveals times of the year that water quality may be 
more impacted than others, and studying trends in space, or upstream to downstream trends, 
enables the establishment of a land-use gradient. A land-use gradient can be an effective way of 
studying the relative effects of nonpoint and point sources of pollution. The gradient is 
established by sampling sites located in areas upstream of development, in areas of limited 
development, in areas of maximum development, and downstream of development. In this way, 
if constituent levels are observed from upstream to downstream, a gradient may be observed that 
shows where areas of impact begin, peak, and end. Temporal trends will not be presented here 
because little evidence was found to indicate that seasonal trends were affected by anything other 
than natural causes. However, spatial trends will be discussed with the focus primarily on 
nutrients (such as nitrogen and phosphorous species), solids, chloride, boron, and sulfur. Data is 
presented for the Blue River sites only, because data from other monitoring sites (Swan River, 
Tenmile Creek) revealed little evidence of impact. 

Note that discussion of results often refers to Phases I and II. Sampling was conducted in a two-
phase approach. Phase I (September 2001–March 2002) was conducted to screen the flow and 
water quality characteristics of all water quality stations as well as to refine field and laboratory 
methods. The goal of Phase II monitoring (May 2002–September 2002) was to conduct detailed 
monitoring of select sites by obtaining trace level nutrient data as well as producing a dataset for 
a broad suite of other water quality parameters. 

Surface Water: Nutrient Results 

Elevated nutrient levels or increasing nutrient concentration trends can potentially indicate 
wastewater impact. Nutrients are also elements critical for biological growth. Elevated nutrient 
levels can therefore cause increased biological growth and eventually eutrophication of surface 
waters. Nutrient species measured in this study were species of both nitrogen and phosphorous. 
During Phase I monitoring, analyses included nitrate, ammonia, total nitrogen, total phosphate, 
and total phosphorous. During Phase II, monitoring was expanded to include nitrite, organic 
nitrogen, dissolved phosphate, and total dissolved phosphorous.  

During Phase I of this study, nearly all ammonia and total nitrogen results were below the 
detection limit (0.1 mg-N/L, 1 mg-N/L, respectively). Nitrate measurements in this phase ranged 
from 0.003 to 2.72 mg-N/L and displayed an upstream to downstream trend. (Note that it may be 
useful to refer back to Figure 2-2. There is a small increase in nitrate loading from BR3 to BR4 
(Figure 2-3). In between these sites there is a riparian wetland that has the potential to increase 
nitrate through natural nutrient cycling (Hill 1996). The input of Pennsylvania Creek is also 
situated between these sites. Furthermore, there are many homes using OWS situated directly 
along the Blue River. Hence the observed increases could be natural or anthropogenic in origin. 
Nitrate decreases are observed from BR4 to BR5. As shown in Figure 2-2, a small reservoir, 
Goose Pasture Tarn, is located between those sites. The tarn is likely acting as a sink for some of 
the nitrate through processes such as plant uptake. The final trend to note is the large jump in 
nitrate mass flow beginning at site BR7. Potential causes of this trend are a WWTP outfall and 
the City of Breckenridge. 
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In Phase II, nitrate concentrations were slightly lower varying from 0.065 to 0.459 mg-N/L. 
Similar nitrate trends to Phase I were observed in Phase II; however, in Phase II other nitrogen 
species data were also available. Of the available species, nitrite and ammonia were regularly 
below the detection limit indicating that the majority of nitrogen in these surface waters is 
comprised of nitrate and organic nitrogen. Figure 2-3 reveals that at sites BR1 through BR6 both 
organic nitrogen and nitrate followed similar trends to those observed in Phase I nitrate data. 
However, comparing the two nitrogen species reveals that organic nitrogen is the dominant 
species of this part of the Blue River. This speciation is of note because if anthropogenic sources 
of nitrogen were heavily impacting the waters of this area, then nitrate would be expected to be 
the dominant species. In the downstream portions of the Blue River, nearer suspected 
anthropogenic sources, this speciation is reversed with nitrate as the dominant species. 
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Figure 2-3 
Nitrogen Mass Fluxes in the Blue River: a) Select Months of Phase I Nitrate Mass Flow 
Trends in the Blue River, and b) Upstream Organic Nitrate Trends in July 2002—Part of 
Phase II Sampling 
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In Phase I, all phosphorous species were below the detection limits often enough that trends in 
the data were hard to determine. In Phase II, lower detection limits allowed for phosphorous 
trends to be analyzed. Of the phosphorous species analyzed in Phase II, dissolved phosphate was 
below the detection limit in all cases (0.007 mg-P/L [milligrams phosphorus per liter]). 
Dissolved phosphorous, which would include any dissolved phosphate present, ranged from 
0.002 to 0.004 mg-P/L. Total phosphorous in Phase II ranged from 0.003 to 0.013 mg-P/L. 
Trends in both phosphorous species are similar to those observed in nitrate (with the same 
potential causes as nitrate) with small increases between sites BR3 and BR4, decreases between 
BR4 and BR5, and increases in the downstream sites around BR7. 

Surface Water: Supporting Parameter Results 

Analysis of nutrient parameters revealed trends of interest with various potential causes 
including anthropogenic causes such as domestic wastewater discharges (Guelfo 2003). In order 
to better determine if some of these trends were generated by wastewater input, other parameters 
commonly found in wastewater were analyzed. These include chloride, boron, and sulfur.  

Chlorides are naturally occurring in water due to processes such as the weathering of rocks. 
However, they are also found in wastewater because they are present in human excreta and in 
water softeners. Conventional waste treatment methods do not remove chlorides; therefore, it 
acts as a natural tracer. As a result, elevated chloride levels can be indicative of the presence of 
wastewater (Metcalf & Eddy 2003). Upstream to downstream chloride trends repeat some of 
those described previously (Figure 2-4). Increases were observed from BR3 to BR4, which could 
be due to development and OWS input, to de-icing of nearby roads, and/or the input of 
Pennsylvania Creek. In the downstream sites (BR6 through BR10), mass flow of chloride 
increases again. De-icing of roads is a potential cause, along with the WWTP input. 
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Figure 2-4 
Up- to Down-Stream Mass Flow of Chloride in the Blue River 
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Sulfur is a naturally occurring component in surface waters, and is also a wastewater constituent. 
Sulfur is required in the synthesis of proteins and so is subsequently released when those proteins 
degrade (Metcalf & Eddy 2003). Upstream to downstream sulfur trends showed consistent 
increases from site BR3 to BR4 (Figure 2-5). Pennsylvania Creek or OWS input may be causing 
this increase. As with other parameters discussed, large increases in sulfur mass flow were 
observed in the Blue River downstream of site BR7. 
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Figure 2-5 
Up- to Down-Stream Mass Flow of Sulfur in the Blue River 

The final supporting parameter analyzed in this assessment was boron. Similar to chloride, boron 
acts as a natural tracer. Boron is found in domestic wastewater as a product of the breakdown of 
some fruits and due to its presence in certain cleaning materials (Flynn and Barber 2000). Boron 
data in this study were often below the detection limit (0.0031 mg-B/L [milligrams boron per 
liter]); however, some upstream to downstream trends are again similar to those observed: 
increases from BR3 to BR4 and after BR7. In the upstream sites these trends could be due to 
OWS impact or the input of Pennsylvania Creek. In the downstream sites the only potential 
cause known for these trends is municipal wastewater effluent input from the WWTP. 

Surface Water: Discussion 

The results presented previously in this section show that several potential forces could be at 
work in the study area that may be affecting water quality trends. Two questions were asked and 
answered in an attempt to better determine which of the potential causes identified were actually 
present (Guelfo 2003). These questions are:  

• Could Pennsylvania Creek stream discharge have caused the observed constituent increase 
from BR3 to BR4?  

• Could the WWTP have caused the observed constituent increase from BR7 to BR8?  
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These questions are addressed in the following sections. 

Pennsylvania Creek Stream Discharge Impact 

In order to better determine the cause of the increases seen in several constituents between 
surface water sites BR3 and BR4, estimates were made to calculate whether or not Pennsylvania 
Creek could be causing the entirety of the observed increases. Surface water site PC2 was 
situated near the confluence of Pennsylvania Creek with the Blue River. For the purposes of 
these estimates, mass flow measured at that site was assumed to be the mass flow of 
Pennsylvania Creek to the Blue River. This mass flow was then compared to the increases 
observed between sites BR3 and BR4. Results indicate that Pennsylvania Creek could be 
responsible for only portions of the observed increases (Table 2-4). Anthropogenic sources (that 
is, OWS) coupled with some effects of riparian wetlands are likely the cause of the remaining 
portion of the increase. 

Table 2-4 
Estimates of Pennsylvania Creek Mass Flow Contributions to the Blue River 

Parameter Average Increase From 
BR3 to BR4 (kg/d) 

Average Loading 
From PC2 (kg/d) 

Increase in the Blue River 
Potentially Attributable to 
Pennsylvania Creek (%) 

Nitrate N 1.32 0.2 16 

Organic N 1.41 0.38 27 

Total P 0.125 0.019 15 

Dissolved P 0.059 0.007 12 

Chloride 40.8 0.76 2 

Sulfur 62.8 3.92 6 

Boron 0.625 0.27 43 

WWTP Impact 

The WWTP near Breckenridge was identified as a potential cause of the observed constituent 
increases from BR7 to BR8. The WWTP outfall was monitored to obtain constituent 
concentrations and flow. Concentrations and flows were then used to calculate the mass flow 
levels likely to be contributed by the WWTP to the Blue River and compared to the increases 
observed from surface water sites upstream of the WWTP outfall to those downstream of the 
plant outfall (BR7 to BR8). These estimates were possible for chloride and nitrate. Comparison 
of the observed temperatures downstream of the WWTP with calculated temperatures 
downstream of the WWTP was also possible. Results for temperature and nitrate show observed 
increases consistent with calculated increases for both temperature and nitrate (Table 2-5). 
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These results indicate the WWTP discharge could be the cause of those increases. Observed 
chloride increases were much higher than the estimated increases that the WWTP could cause, 
which is likely due to the fact that chloride increases are caused by the WWTP in combination 
with other activities such as de-icing of the roads.  

Table 2-5 
Comparisons of WWTP Mass Flow Estimates to BR7–BR8 Observed Increases 

 Temperature Chloride Nitrate 

Date 
Calculated 

Temperature 
oC 

Measured 
Temperature 

oC 

WWTP 
Mass Flow 
(kg-Cl/day) 

Measured 
Increase 

From  
BR7 to BR8 
(kg-Cl/day) 

WWTP 
Mass Flow 
(kg-N/day) 

Measured 
Increase 

From  
BR7 to BR8 
(kg-N/day) 

Sept. 2001 3.7 3.9 57.3 464 21.5 123.8 

Oct. 2001   53 251   

Nov. 2001   57 270 21.3 23 

Dec. 2001 2.51 4.51 73.4 262 27.5 23.8 

Jan. 2002 4.75 1.36 86.5 354 32.4 19.4 

Feb. 2002 6.76 4.66 86.5 150 32.4 14.8 

Mar. 2002   87 258 32.6 25.5 

Note: A blank cell indicates data needed for calculation and comparison were not available for that month. 

Surface Water: Conclusions 

Analysis of upstream to downstream trends in surface water quality in the upper portion of the 
watershed revealed that from BR3 to BR4, the input of Pennsylvania Creek may be partially 
responsible for mass flow increases in the Blue River, but the presence of some wastewater 
parameters and increasing trends of those parameters indicates that OWS impacts are likely 
present to a limited extent. OWS impacts in this region are described as limited due to nitrogen 
speciation of the area, which shows that naturally generated organic nitrogen is the dominant 
species. Moreover, from BR3 to BR4, nutrient trends indicate the possibility of riparian zone 
effects on nutrient cycling. From BR4 to BR5, decreases in several parameters indicate that 
Goose Pasture Tarn acts as a sink for some constituents. Analysis of the spatial trends in the 
lower portion of the watershed (BR6 to BR9) revealed the effects of urbanization and WWTP 
discharges. In general, both WWTP and OWS are affecting water quality in the Blue River. 
However, rural effects (including OWS) are not a relatively more important source. Moreover, 
all identified impacts are limited and surface water quality of the study area is consistent with 
designated uses. 
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Groundwater: Introduction 

As with surface water samples, groundwater samples were analyzed for a variety of parameters. 
A summary of the results for nutrients and supporting parameters can be found in the following 
sections. Note that due to the sparse nature of the groundwater monitoring points, trends in 
groundwater chemistry could not be analyzed with the same level of detail as surface water 
trends. Most trends can only be identified as either generally increasing or decreasing down the 
watershed. As a result, using groundwater trends to identify the presence of anthropogenic 
sources (OWS), which may cause trends at a small local scale, is difficult. However, 
groundwater data can be analyzed to identify elevated constituent levels in order to make some 
preliminary conclusions regarding anthropogenic impacts. Furthermore, geochemical fingerprint 
analysis was conducted on the groundwater and surface water samples together to help in 
determining if these waters are hydraulically connected.  

Groundwater: Nutrient Results 

Nitrate concentrations in the groundwater generally increased down the watershed, from the 
southern portion near MW1 to the northern portion near MW3 and MW4 (Figure 2-6). The 
highest concentrations were found in MW3 in the Frisco Terrace focus area, which also shows a 
seasonal trend. Potential causes are similar to those seen in the surface water trends: natural 
(such as forest land runoff and atmospheric deposition) or anthropogenic (such as OWS and lawn 
fertilization). 
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Figure 2-6 
Nitrate Trends in Groundwater of the Dillon Reservoir Watershed 
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Groundwater: Supporting Parameter Results 

Supporting parameters were measured as part of the groundwater evaluation, including solids, 
chloride, boron, and sulfur. All of these supporting parameters indicated an increasing trend with 
distance down the watershed. Note that boron (a natural tracer found in domestic wastewater as a 
product of the breakdown of some fruits and from certain cleaning materials) was found to be 
below the detection limit in the majority of cases and is not discussed further. 

For groundwater sampling, solids were measured as total dissolved solids (TDS) rather than total 
solids as was measured in the surface water efforts. TDS showed, as with nitrate, an increasing 
trend with distance down the watershed. Highest concentrations were found in MW3. Factors 
that can contribute to the increasing trend include natural accumulation of weathered products 
and increased anthropogenic effects as the watershed becomes more populated moving north.  

Chloride also shows an increasing trend moving down the watershed (Figure 2-7). As mentioned, 
chloride acts as a natural tracer. Therefore, elevated chloride levels are indicative of 
anthropogenic impact. The highest levels were seen in the Frisco Terrace focus area at MW4.  
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Figure 2-7 
Chloride Trends in Groundwater Within the Dillon Reservoir Watershed
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Groundwater: Fingerprint Analysis 

A total of 76 surface and groundwater samples were taken at sites along the Blue River drainage 
between September 2001 and August 2002 (Figure 2-2) (Guelfo 2003). Based on geochemical 
evaluation, the water samples can be divided into three groups that have spatial and 
hydrochemical coherence. Based on sodium, potassium, calcium, magnesium, bicarbonate, 
sulfate, chloride, fluoride, and nitrate data, the samples can be preliminarily divided into three 
groups, arbitrarily numbered 1–3, each with distinct chemical signatures. The samples within a 
group are very similar to each other, but there is significant variation between groups. The 
chemical variations are primarily due to differences in sulfate, chloride, and nitrate 
concentrations. Figure 2-8 is a Scholler plot of the mean concentrations for each group of 
samples. A composite sample of septic tank effluent (STE) from a home site in Turkey Creek, a 
separate watershed east of Summit County, is also shown (Dano et al. 2003). The chemical 
composition of STE is distinctive with elevated chloride and nitrate. If STE is influencing the 
surface and groundwater chemistry, those samples will have chemical signatures with 
characteristics of both STE and background water. 
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Figure 2-8 
Scholler Plot of the Mean Concentrations for Water Chemistry Groups 1 Through 3 and 
STE 
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Group 1 samples (n=14) are from the Pennsylvania Creek, from the Swan River drainage, and 
MW1. The water is primarily composed of calcium and bicarbonate with low TDS, typical of 
mountain drainages. This chemical signature is considered natural background without any 
significant anthropogenic influences. All the samples come from locations with exceptionally 
low population density. The similarity of the Pennsylvania Creek to MW1 indicates that the 
MW1 is hydraulically connected to the surface water in the vicinity of the well. 

Group 2 samples (n=37) are from the length of Blue River between Pennsylvania Creek and 
Dillon Reservoir and MW2. These samples have higher TDS, are primarily composed of calcium 
and bicarbonate, but have higher concentrations of sulfate, chloride, and nitrate than background. 
Chloride and nitrate are anthropogenic indicators, consistent with the fact that most development 
in the watershed is along the river. A portion of the elevated chloride concentrations may be a 
result of winter road salting; however, the elevated chlorides are found throughout the year 
indicating most of the impact may be from sources other than roads. Nitrate concentrations 
follow the trend of increasing TDS down the watershed. Potential sources of nitrate can be either 
natural (found in the soils), atmospheric (rain or air), or anthropogenic (OWS). Sulfate is mainly 
derived from mineralized rocks and mine tailings that are found in portions of Summit County 
including French Gulch and along Tenmile Creek. Elevated sulfate content is coupled with 
somewhat lower pH values and elevated trace metals such as manganese, molybdenum, 
strontium, tin, and zinc—a definite indicator of sulfide ore rock interaction. The similarity of the 
surface samples near the well and MW2 water chemistry indicates that they are hydraulically 
connected. 

Group 3 samples (n=25) are from the Frisco Terrace area and include surface water samples 
from Tenmile Creek and groundwater samples from MW3. These samples have much higher 
TDS, significantly elevated sulfate, and higher chloride, fluoride, and nitrate concentrations 
(Figure 2-8). The chemistry is interpreted as a combination of local anthropogenic input and 
upstream mine tailings influence. The similarity of the water chemistry between surface water 
and samples from MW3 indicates that the surface water and groundwater are hydraulically 
connected. The four samples from MW4 have higher nitrate. This well is located near MW3, but 
is closer to the center of the Frisco Terrace development. The chemical difference indicates that 
the groundwater in MW4 may not be as well connected to the local surface water system, 
allowing more influence from the higher home density. 

Groundwater: Conclusions 

The water quality in the study area varied in a predictable and systematic fashion over the 
drainage area. Fingerprint analysis showed chemical signatures of the natural water in a 
mountain drainage, but reveal increasing impact near the bottom of the watershed. This 
deduction is supported by increasing trends in nutrients and supporting parameters moving down 
the watershed. As the surface water moved through populated areas, the chemistry acquired an 
anthropogenic signature that consisted of elevated chloride and nitrate. In addition, there was a 
chemical signature of elevated sulfate associated with mine tailings drainage.  
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Three of the four MWs installed in the watershed had chemical signatures identical to the local 
surface water showing good hydraulic connection between groundwater and surface water. In 
contrast, MW4 is not as well connected with the local surface water system or perhaps more 
influenced by the locally higher housing density. 

Hydrogeology 

Resources for the subsurface characterization of the study area were limited. Therefore, the 
evaluation was made using publicly available data as well as data collected from four MWs 
installed by CSM in the study area. Publicly available data consisted of well logs from the 
Colorado State Engineer’s Office (CSEO).  

More than 350 well logs were analyzed for this study. These logs revealed that the majority of 
wells and OWS in Summit County are installed in glacial till. Glacial till is defined as a mixture 
of clay, silt, sand, gravel, and boulders that range widely in size and shape. Based on the drilling 
logs, the glacial till in Summit County appears to be primarily coarse-grained. Logs also reveal 
that there is no discernable watershed-scale confining unit at depths of up to 200 ft below ground 
surface. This factor indicates that the groundwater and surface water in the watershed have the 
potential to be connected. If the groundwater and surface water in the watershed are connected, 
there would be a pathway for OWS effluent to eventually reach surface waters. Average depth of 
the wells from these logs was 80 ft below ground surface. 

CSEO well logs were also used to estimate two parameters for the study area: transmissivity and 
hydraulic conductivity. Transmissivity (T) can be estimated using the following equation 
(Razack and Huntley 1991): 

 T = 1140 (SY/dd)0.67 Equation 2-1 

Where: 

T = transmissivity in ft2/day 

SY = sustained yield in gpm 

dd = drawdown in ft  

This equation enabled a first estimate of T to be made for both the Blue River Estates and Frisco 
Terrace focus areas. The results of these estimates are provided in Table 2-6. Saturated hydraulic 
conductivity (Ks) can then be estimated using the following equation: 

 Ks = T/b Equation 2-2 
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Where: 

Ks = hydraulic conductivity 

T= transmissivity 

b= aquifer thickness 
Table 2-6 
Transmissivity Estimated From Equation 2-1 Using CSEO Well Log Information 

Site Location Average T Std. Dev. of T Geometric Mean of T Data Range 

Pennsylvania 
Creek 

773 ft2/day 
(8.3 cm2/sec) 

497 ft2/day 
(5.3 cm2/sec) 

647 ft2/day 
(6.9 cm2/sec) 

153–2106 ft2/day 
(1.6–22.6 cm2/sec) 

Tenmile Creek 585 ft2/day 
(6.3 cm2/sec) 

395 ft2/day 
(4.2 cm2/sec) 

416 ft2/day 
(4.5 cm2/sec) 

41–1403 ft2/day 
(0.44–15.1 cm2/sec) 

The results of the hydraulic conductivity estimates can be found in Table 2-7. 

The estimated Ks values are relatively well constrained to within a half order of magnitude. This 
is a significant improvement over an estimate of Ks based strictly on porous-media type, whereby 
Ks would vary over at least four orders of magnitude (Fetter 2001). These Ks values are 
consistent with Ks values expected in coarse glacial material. Ks values in the 10-3 range are 
conducive to relatively fast transport times. 
 

Table 2-7 
Hydraulic Conductivity Estimates From Equation 2-2 and CSEO Well Log Information 

Site Location Depth of Aquifer 
Thickness (ft) 

K (cm/sec)  
From Average T 

K (cm/sec) From  
Geometric Mean of T 

Blue River Estates 50 (1524cm) 5.4 × 10-3 4.6 × 10-3 

Blue River Estates 185 (5639 cm) 1.5 × 10-3 1.2 × 10-3 

Frisco Terrace 50 (1524 cm) 4.1 × 10-3 2.9 × 10-3 

Frisco Terrace 165 (5029 cm) 1.3 × 10-3 8.9 × 10-4 

More detailed subsurface evaluations were focused in two of the three focus areas: Blue River 
Estates and Frisco Terrace. As described in the Introduction section, a total of four MWs were 
installed in these areas (Figure 2-2). MW1 and MW2 are in Blue River Estates; MW3 and MW4 
are in Frisco Terrace. In addition to soil samples collected during well installations, hydraulic 
head and water quality data were obtained during routine monitoring. 
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Soil samples were analyzed and used to make refined estimates of the hydraulic properties of the 
aquifer. Soil sieve analysis on select samples from the Frisco Terrace and Blue River Estates 
focus areas were used to determine the effective grain size. From the effective grain size several 
methods can be used to estimate hydraulic conductivity. These equations include the Breyer 
Equation, the Modified Hazen Equation, and the Kozeny Equation (Kresic 1997). All three of 
these equations were used to estimate Ks. Table 2-8 presents the geometric mean Ks values 
calculated for each of the three methods at each focus area. These Ks values are an order of 
magnitude larger than the Ks values estimated using the engineer’s well logs (Table 2-7). Both 
methods suggest the Ks at Blue River Estates is somewhat higher than at Frisco Terrace. 

Table 2-8 
Hydraulic Conductivity as Estimated From Grain Size Analysis Data by Three Methods 

Site Location Breyer (cm/s) Hazen K (cm/s) Kozeny K (cm/s) 

Blue River Estates 9.4 × 10-2 7.6 × 10-2 4.1 × 10-2 

Frisco Terrace 5.5 × 10-2 5.8 × 10-2 3.1 × 10-2 

Hydraulic head data were collected in each groundwater MW for a period of one year. These 
data are shown for each focus area on Figure 2-9 and Figure 2-10 along with estimated head 
values of nearby surface water monitoring sites. An important fact to keep in mind is that stream 
heads are estimated from the elevation of the surface water site and that measured groundwater 
heads were observed during a drought year. Also note that the head of surface water sites is the 
elevation of the sample site taken from topographic maps. This value is only an estimate of 
stream head, as true stream head has the potential to fluctuate several feet or more. These 
fluctuations can be within the course of a day (such as during a storm event), or seasonally (such 
as during spring runoff or winter freeze).  

Figure 2-9 shows that, in the Frisco Terrace focus area, the hydraulic heads at MW3 and MW4 
are somewhat greater than the estimated head of the nearby downgradient stream water (FT2) but 
less than the estimated head of the upstream stream water (FT1). For this system, it is difficult to 
tell whether groundwater discharges to the stream or the stream discharges to groundwater, 
which in turn makes it difficult to determine the nature of regional groundwater flow. However, 
the head in MW4, which is closer to Tenmile Creek (Figure 2-2), is higher than the head in MW3 
(Figure 2-9). This factor suggests that during this study the stream may be discharging to the 
groundwater. However, during wetter years, it is likely that groundwater discharges to the stream 
in this area. Thus, potential exists for OWS constituents to reach the surface water via 
groundwater. 
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Figure 2-9 
Hydraulic Head for Groundwater and Surface Water in the Frisco Terrace Focus Area 

9985

9990

9995

10000

10005

10010

10015

10020

10025

10030

12/25/01 2/13/02 4/4/02 5/24/02 7/13/02 9/1/02 10/21/02 12/10/02 1/29/03 3/20/03

M easurem ent Dates

H
ea

d 
(F

ee
t)

MW 2 - Measured G roundwater

BR3 - Estim ated Surface W ater

PC2 - Estim ated Surface W ater

 
Figure 2-10 
Hydraulic Head for Groundwater and Surface Water in the Blue River Estates Focus Area 
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Hydraulic head information, used to determine the potentiometric surface in the area, indicates 
that the potentiometric surface is relatively flat in Frisco Terrace. Hydraulic gradient cannot be 
calculated from two MW points; however it is possible to estimate the gradient by assuming that 
the groundwater flows toward the stream at a 45-degree angle resulting in a gradient across 
Frisco Terrace of approximately 0.01. This estimate can be coupled with estimates of Ks and an 
assumed porosity of 0.3 to hypothesize that a pollutant may travel several feet per year in this 
area.  

The information presented in the previous section indicates that it is difficult to obtain a clear 
picture of the hydrogeology of the Frisco Terrace focus area from the available data. 
Furthermore, flow patterns are likely to be complex due to the close proximity of Dillon 
Reservoir, steep hills and mountains that could facilitate local recharge, and a city setting where 
discontinuous pavement can also cause local recharge. However, the hydraulic head information 
and the chemical fingerprint information (see the Groundwater: Fingerprint Analysis section) 
indicate that the groundwater and surface water in this area have the potential to be hydraulically 
connected. This area has the potential to affect nearby surface waters, though travel times are 
slow in comparison to other areas of the watershed (such as Blue River Estates). 

MW1 is situated in the upper portion of the Blue River Estates focus area, and MW2 is situated 
much lower in the Blue River Estates focus area near the confluence of Pennsylvania Creek with 
the Blue River (Figure 2-2). Groundwater at MW1 is much higher than groundwater at MW2, 
showing that groundwater in Blue River Estates is moving as expected from higher to lower 
elevations towards the Blue River valley. There are two surface water sites near MW2: PC2 and 
BR3. Hydraulic head measurements over one year during this study (a drought year) indicated 
that groundwater at MW2 is somewhat lower than surface water in PC2 (Figure 2-10). Further 
investigation during the summer of 2003 using a known reference elevation and a brunton 
compass (accuracy to approximately 0.5-in.) also indicated the groundwater surface is lower than 
PC2 and somewhat lower than BR3. This suggests that Pennsylvania Creek near the confluence 
with the Blue River is a losing stream and that the Blue River at BR3 is also a losing stream 
segment. Therefore, groundwater discharge likely occurs within the next quarter of a mile of the 
river system in the Goose Pasture Tarn wetlands (Figure 2-11), which would concur with water 
quality data that indicates a small increase in various wastewater constituents between BR3 and 
BR4 (see the Water Quality section).  

The hydraulic gradient of the groundwater beneath Blue River Estates is estimated to be 0.1. As 
with Frisco Terrace, this estimate was coupled with estimates of K and an assumed porosity of 
0.3 to hypothesize travel times of several feet per day in the Blue River Estates area. Note that 
this travel time is much faster than the estimates of several feet per year in the Frisco Terrace 
area, indicating that groundwater pollutants would travel much faster in the Blue River Estates 
compared to the Frisco Terrace focus areas. This difference is primarily due to the higher 
gradient in the Blue River Estates. The faster travel time indicates that the Blue River Estates 
area may be more susceptible to OWS impacts as effluent in this area would have less contact 
time with soil in the saturated zone resulting in less time for treatment of OWS pollutants.  
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Figure 2-11 
Cross Sectional Conceptual Model of the Groundwater System at Blue River Estates 
Focus Area 

e potential discharge of groundwater in the Blue River Estates focus area to the Goose Pasture 
rn wetlands is thought to be indicative of the nature of the study area for the remaining 
wnstream portions of the watershed. That is to say that portions of the Blue River are likely 
ining and portions are likely losing, but the Blue River is still ultimately the source for 
undwater discharge. Further evidence is found in the fact that Blue River Estates is 
resentative of the remainder of the Blue River watershed upstream of Dillon Reservoir: a high 
untain valley with steep inclines on either side of the Blue River valley. If the Blue River is 
 ultimate location of groundwater discharge (including any OWS effluent present), then it is 
portant to remember that the Blue River flows into Dillon Reservoir.  
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Implications To This Study 

The intent of this chapter is to present an overall picture of the study area as well as to emphasize 
the appropriateness of this watershed for a study such as the one presented in this report. The 
Dillon Reservoir watershed is a sensitive, alpine watershed for which there is great interest in 
maintaining water quality. However, there are many features in the watershed that have the 
potential to impact water quality including the use of OWS. Furthermore, geology and water 
quality analysis indicate that the surface and groundwater systems are hydraulically connected. 
This connection is supported by the hydrogeology of the area that indicates that, though some 
stretches of streams may be gaining and others losing, the ultimate destination of groundwater 
(and thus OWS effluent) is likely the streams that ultimately flow into Dillon Reservoir. 
Therefore, the environmental setting of Summit County presents a suitable location for a study 
investigating the watershed-scale effects of OWS on the environment. This hydrogeologic 
characterization confirms the importance of the other assessment activities in the Blue River 
portion of the watershed, including WARMF modeling activities. 
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3 INTRODUCTION TO THE WATERSHED 
ANALYSIS RISK MANAGEMENT FRAMEWORK 
(WARMF) MODEL 

Modeling tools can provide useful information for assessing the impact of onsite wastewater 
systems (OWS) on a watershed-scale. The linkage between OWS discharge and water quality of 
the receiving waters can provide a useful means to calculate the total maximum daily loads 
(TMDL) of OWS that can be discharged without violating the water quality criteria of the 
receiving waters. Modeling tools can also be used to evaluate the effect of phasing out OWS and 
replacing them with a centralized sewer system.  

The complexity and functionality of various models may range from simple mass balance 
methods, to semi-quantitative geographic information system (GIS)-mapping methods, to more 
complex mathematical models and decision-support systems (US EPA 1997 and McCray et al. 
2000). Kirkland 2001 provides a thorough discussion on watershed-scale assessment methods 
and provides an extensive table of available models.  

Mass Balance Methods 

Mass balance assessment methods can include simple back-of-the envelope calculations or 
spreadsheet tools developed using hydrology or water-quality transport equations. Although 
useful for quick answers and available at a relatively low cost to implement, these tools require 
numerous simplifying assumptions and parameter estimations. Examples of simple mass balance 
assessment tools include TOXROUTE and STREAMDO. 

GIS-Mapping-Based Methods 

The next category of tools includes GIS-mapping-based assessment methods. These tools often 
provide a link between simple mass-balance models and large databases. Many GIS-mapping 
methods produce maps highlighting the sensitive and vulnerable regions of a watershed with 
respect to water quantity and quality. Stakeholders and decision makers often find the mapping 
information interesting, but lacking in quantitative information about the impacts of OWS on the 
receiving waters. As part of this project, the GIS-mapping tool MANAGE was applied to the 
Blue River watershed (see Chapter 6, Additional Models Applied and Appendix H, Watershed 
Modeling Using MANAGE). 
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The need for a watershed-scale model that considers OWS loading was demonstrated in a US 
EPA Chesapeake Bay Study. A goal of a 40% nitrogen and phosphorus load reduction required 
an accurate assessment of specific sources of nutrient loading to groundwater, surface water, and 
Chesapeake Bay. For the study, US EPA used the Hydrologic Simulation Program Fortran 
(HSPF) as the watershed scale model (Linker et al. 1999). Because HSPF does not explicitly 
model OWS, it required an externally calculated “edge-of-drainfield loading” of OWS.  

US EPA developed a GIS-based method to estimate the “edge-of-drainfield load” of nitrogen 
(Maizel et al. 1997). In HSPF, this load was deposited directly to river segments. Census Block 
Group data was used to determine the number of occupied housing units in the watershed, and 
the distribution between urban (70.9%), rural (26.4%), and farm (0.6%). The nitrogen load from 
OWS was estimated assuming 25% of housing units used OWS, 2.6 persons per household, and 
an average nitrogen OWS loading of 9.35 lbs/capita/year. No allowance was made for loss to 
denitrification, and phosphorus was assumed to be adsorbed completely by the soil. This  
GIS-based method is strictly a method of estimation. Because the calculations are based on 
assumptions, there is no way to calibrate or verify the calculations. Recommendations of this 
study included an integration of source loadings with water resources to determine direct and  
off-site impacts of septic effluent. Therefore, estimation of the “edge-of-drainfield load” is 
problematic and a watershed-scale model that incorporates OWS directly is more desirable.  

Mathematical Models 

Mathematical models are more complex tools based on a set of differential equations that 
describe physical processes. In general, these models are more rigorous, physically based, and 
provide a dynamic simulation of the system. Most research in OWS has been empirical in nature. 
Much knowledge has been accumulated. The time has come to advance empirical observations 
into theory of processes involved and incorporate them into a watershed model. Such a model 
can track the fate of all OWS discharges through soil to the receiving waters of a river basin. The 
model can calculate the nonpoint source loads of OWS that reach the surface waters. The model 
can also predict the water quality of the receiving waters due to the combined effect of all point 
and nonpoint source loads, including those contributed by OWS.  

One goal of this project was to develop a watershed scale model based on the findings of OWS 
research. Model calculations should be based on scientific principles. The model should accept 
the basic data of households served by OWS, number of people per household, characteristics of 
septic tank effluent (STE), meteorology, and other data sources, all of which are readily 
available. The model should calculate the “edge-of-drainfield pollution loads,” rather than 
requiring them as input. In addition, the model should predict flow and water quality 
concentrations that can be verified by observed data. Such a model can be incorporated into a 
decision-support system that provides information in the form of decision road maps, GIS 
displays, risk assessment evaluations, and cost benefit analyses all driven by an underlying 
mathematical model. 
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Ideally, an existing watershed model could be enhanced to incorporate OWS discharges. 
WARMF was selected for that purpose. WARMF is a physically-based model that simulates 
flow and water quality of groundwater in soil layers.  

This physically-based formulation was extremely beneficial because OWS loading could be 
explicitly modeled based on available physical data. Many other models use a mass export 
coefficient method to account for subsurface loading. This purely empirical method is less 
flexible when there is a need to model a new loading process. Because it is physically based 
rather than empirically based, WARMF is more transferable to other watersheds that may have 
different climate, soils, or population density conditions. Also, WARMF is a decision-support 
system, not just a model. Scenarios are easily set up in WARMF and the graphical user interface 
makes it easy to compare multiple scenarios. WARMF is designed to accommodate 
stakeholders’ needs for long-term planning and assessment of watershed cumulative impacts.  

WARMF Model Overview 

WARMF is a decision-support system designed to support the watershed approach involving 
stakeholders (Chen et al. 2001b; Herr et al. 2000). WARMF guides stakeholders to develop and 
evaluate water quality management alternatives for a watershed. The system takes them through 
a series of steps and presents them with information in a logical manner so that they can 
understand their watershed and make informed decisions. WARMF also provides a procedure to 
calculate the TMDL of a pollutant that can be discharged to a water body without violating the 
water quality criteria for its designated uses.  

WARMF has five modules (Data, Engineering, Knowledge, TMDL and Consensus) integrated 
by a Windows-based graphical user interface (GUI) (Figure 3-1). The modules work together 
and support each other. 

 
Figure 3-1 
The Five Modules of WARMF 

3-3 



 
Introduction to the Watershed Analysis Risk Management Framework (WARMF) Model 

The Engineering module is a dynamic watershed simulation model that calculates daily runoff, 
groundwater flow and quality, hydrology and water quality of river segments, and stratified 
reservoirs. The Data module contains meteorology, air quality, point source, reservoir release, 
and flow diversion data. The Knowledge module contains reference information about legal 
constraints. The TMDL module is a decision module that provides a step-by-step procedure to 
calculate TMDLs. The Consensus module is a decision module that guides stakeholders in 
selecting an acceptable TMDL considering economic, social, and political factors. 

Figure 3-2 shows the seven-step road map of the Consensus module. Several publications have 
documented the decision-support capabilities of WARMF (Chen et al. 1997; Chen et al. 1999; 
Chen et al. 2000; Weintraub et al. 2001; and Herr et al. 2002). 

The five modules of WARMF are integrated by a GUI. The GUI not only provides menus for the 
user to issue commands, but also automatically furnishes data to the models and stores output for 
display in color-coded GIS maps, bar charts, and spreadsheets. 

 
Figure 3-2 
Consensus Module Road Map in WARMF 

Model Description 

The Engineering module of WARMF contains a dynamic watershed simulation model that 
calculates daily surface runoff, groundwater flow and quality, non-point source loads, hydrology, 
and water quality of river segments and stratified reservoirs.  
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The Data module furnishes input data including meteorology, air quality, point source load, 
reservoir releases, and flow diversions. The Data module also contains observed flow and water 
quality data. 

Hydrologic Network 

To facilitate the simulation, the watershed is divided into a network of land catchments, river 
segments, and reservoir layers. Land catchments are further divided into land-surface and soil 
layers. These watershed compartments (that is, soil layer, river segment, or lake layer) are 
seamlessly connected to form a network for hydrologic and water quality simulations. 

WARMF assumes uniform characteristics for each watershed compartment. The characteristics 
can vary from one compartment to the next. Each compartment is treated as a continuously 
stirred tank reactor (CSTR) in which various physical, chemical, and biological processes can 
occur. 

Figure 3-3 shows a schematic representation of a catchment in WARMF containing land surface 
and soil layer compartments. The land surface is characterized its by land uses and cover, which 
may include forested areas, agriculture lands, urbanized cities, and other land uses and cover. 
The soil layers consist of solid, liquid, and gaseous fractions. Up to four soil layers can be 
modeled in a watershed application of WARMF. 
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Figure 3-3 
Definition Sketch of Land Catchment for WARMF 
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Rainfall and snowmelt water infiltrates through the land surface as a function of the percent 
pervious area of land surface and the infiltration capacity of the soil layer below. For impervious 
areas, precipitation on the land surface does not infiltrate and instead becomes overland flow. For 
pervious areas, the infiltration capacity of the soil is calculated as a function of soil moisture 
content and vertical conductivity. As water percolates from one layer down to the next, a water 
balance is performed to track the change of soil moisture in each layer. Lateral flow occurs when 
a soil layer becomes saturated. When the infiltration rate of water is higher than the lateral flow, 
the saturated zone may rise to the surface and initiate surface runoff. 

Hydrology Simulation 

Daily precipitation, which includes rainfall or snow, is deposited on the land catchments. 
WARMF performs daily simulations of snow and soil hydrology to calculate surface runoff and 
groundwater accretion to river segments. The water is then routed from one river segment to the 
next downstream river segment until it reaches the terminus of the watershed. The flow and 
associated loads of point source discharges are added to the appropriate receiving waters (river or 
lake segment). 

Nonpoint Sources Load 

Nonpoint sources of pollution can contribute significant pollutant loads to a waterbody. Sources 
of nonpoint loads other than OWS include trash, pet droppings, and lawn fertilizer carried with 
storm water in urban areas, fertilizer running off agricultural lands, livestock droppings on 
pasture land, and air deposition on land. Fertilizer and pesticide application, trash, and animal 
droppings are deposited onto the land surface. Air pollutants are deposited onto the foliage 
canopy. During precipitation events, the pollutants accumulated on the canopy are washed down 
to the land surface as throughfall. As water reaches the land surface, the pollutants accumulated 
on the land surface are dissolved. The resulting pollutant concentrations are assigned to the 
infiltrating groundwater and to the surface runoff. As surface runoff flows to a nearby river 
segment it may also erode soil particles and carry adsorbed nutrients and minerals to the river. 
Thus, WARMF accounts for nonpoint source load associated with surface runoff. Storm water is 
accounted for in WARMF as part of the surface runoff and associated dissolved pollutants from 
impervious urban areas. 

In addition to overland flow, processes below the land surface contribute to the pollutant 
loadings. Solid phase minerals are weathered to release cations and anions. Litter is decomposed 
into humus to release its constituent cations and anions. Ammonia is nitrified to nitrate. Cations 
and anions are removed by tree and crop uptake. The percolating water dissolves the cations and 
anions into soil solution and subjects the cations to competitive exchange with the cation 
exchange sites of the soil particles. When the percolating water reaches the saturated zone, the 
flow becomes lateral. The lateral flow discharges groundwater and its chemical constituents to 
the river segment, which accounts for nonpoint source loads of groundwater accretion.  
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Point Source Load 

WARMF accepts point source load as input data (WWTP discharge). The input file, one for each 
point source discharge, contains the time series of daily flow and pollutant loads for various 
constituents. Point source data can vary on a daily basis and do not need to be specified at equal 
time intervals. 

The model uses a step function approach, in which the discharge values at one time remain the 
same until the values for the next time become available. If a yearly value is provided in the 
input file, the model will discharge the same amount every day for that year. If monthly values 
are provided, the model will change the daily discharge month by month. Likewise, if daily 
values are provided in the input file, the model will change the daily discharge day by day.  

Water Quality Simulation 

Heat budget and mass balance calculations are performed to calculate the temperature and 
concentrations of various constituents in each river segment and lake layer. The mass balance 
and heat budget equations account for advection, sinks, and sources, and are similar to equations 
used in the well-known QUAL2E model. The main difference is that QUAL2E is a steady-state 
model and WARMF is a dynamic model. With a steady-state model, the flow is assumed to be 
constant for a given time period and the water volume of the river segment does not change with 
time. A dynamic model accounts for the changes in flow and water volume each day, similar to 
daily changes in an actual system. 

Sources of Algorithms 

The algorithms of WARMF were derived from many well-established codes. The main 
computational engine of WARMF was adapted from the Integrated Lake-Watershed 
Acidification Study (ILWAS) model (Chen et al. 1983; Gherini et al. 1985). Algorithms for 
snow hydrology, groundwater hydrology, river hydrology, lake hydrodynamics, and mass 
balance for acid base chemistry were based on the ILWAS model. Algorithms for erosion, 
deposition, re-suspension, and transport of sediment were adapted from ANSWERS (Beasley et 
al. 1980; Beasley and Huggins 1991). Pollutant accumulation on the land surface was adapted 
from the Storm Water Management Model (SWMM) (Chen and Shubinski 1971; Huber and 
Dickinson1988; US EPA 1992). In WARMF, instead of using export coefficients as in SWMM, 
an algorithm for mixing and washoff is used to simulate the processes that generate nonpoint 
source loading. The first order decay of coliform bacteria and biochemical oxygen demand 
(BOD) and its impact on dissolved oxygen follow traditional water quality models. The sediment 
sorption-desorption of pesticides and phosphorus and the kinetics of nutrients and algal dynamics 
were adapted from WASP5 (Ambrose et al. 1991). Periphyton algorithms were adapted from the 
Dynamic Stream Simulation and Assessment Model with temperature (DSSAMt) (Caupp et al. 
1998). A complete description of the WARMF formulations can be found in the WARMF 
technical documentation report (Chen et al. 2001b). 
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WARMF Applications 

WARMF has been applied to several watersheds in the US (Figure 3-4). In the Catawba River 
watershed (NC and SC), WARMF has been used for nutrient, fecal coliform bacteria, sediment, 
and copper TMDLs. WARMF has also been used for reservoir tailwater evaluation and 
cumulative impact analysis. The Truckee River (CA and NV) application of WARMF is 
providing nonpoint source loading estimates under current and future conditions to help drive 
TMDL and environmental impact statement analysis using several river water-quality models. 
WARMF was used to calculate an acid mine drainage TMDL for the Cheat River (WV) and 
nutrient, sediment, and metals TMDLs for Chartiers Creek (PA). A sediment TMDL was 
calculated using WARMF for Oostanaula Creek (TN), and a comparison between WARMF and 
HSPF flow simulation was completed for the Mica Creek (ID). An application of WARMF to the 
Santa Clara watershed (CA) was used to calculate nutrient TMDLs. The focus of an application 
to the St. Louis River (MN) is to investigate a fate and transport of mercury. 

 
Figure 3-4 
Map Showing Locations of WARMF Watershed Applications 

Modifications for OWS: Biozone Algorithm 

For this project, WARMF was enhanced to model the loading of OWS to the soil. An initial 
model test was performed by modifying the original code of WARMF to accept and apply the 
OWS effluents to the top layer of soil (Figure 3-3). The original algorithm was used to simulate 
groundwater quality. Thus, ammonia was retained by the soil through competitive cation 
exchange and was nitrified according to a kinetic rate coefficient. Phosphorus was adsorbed to 
soil according to a linear adsorption isotherm.  
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The results showed that the model was able to track the transport and fate of nutrients through 
the subsurface to the surface waters. However, the nitrification rate had to be increased 
substantially over the typical value normally used in the simulation of forested watersheds, 
where nitrogen was typically limiting (Chen et al. 2001a). The research conducted in this study 
clearly showed that OWS effluents created a biozone to adsorb pollutants for accelerated 
nitrification and pathogen deactivation. Model enhancements were made to add the biozone 
algorithm to process the OWS effluents before releasing them to the soil (Weintraub et al. 2002). 

The biozone algorithm simulates the growth of bacteria biomass in the top 2 cm of soil that 
receives STE. The bacteria biomass acts like a sponge to adsorb water that contains ammonia, 
pathogens and other pollutants. The process accelerates the ammonia nitrification and pathogen 
deactivation. It also leads to the gradual build up of plaque (dead bacteria and solid residue), 
which reduces infiltration. Over time, infiltration capacity can decline and under some 
conditions, a hydraulic failure can occur. Under such conditions, WARMF will simulate surface 
seepage of STE co-mingled with precipitation and spread it across the surface of a land 
catchment. The stored effluent can then infiltrate into soil in the areas without the biozone. It can 
also be water for surface runoff. Details of the biozone algorithm are discussed in Chapter 4, 
Biozone Algorithm. 

Necessary Input Parameters 

The application of WARMF to a specific watershed requires digital elevation model (DEM) data 
to set up the network of catchments, river segments, and stratified reservoirs. It also requires land 
use shapefile to describe the characteristics of the land surface and soil data to describe the 
surface as well as subsurface soil properties. It needs meteorological data to drive the model and 
observed stream flow and water quality data to verify the results. 

With enhancements to simulate the water quality impacts of OWS, the model requires input data 
to characterize OWS. Table 3-1 summarizes data for OWS, including the source of data for the 
Dillon Reservoir watershed application and chapter number where a full discussion on that data 
can be found.  

Table 3-1 
OWS-Related Data Required by WARMF 

Data Type Source Location in Report 

OWS spatial distribution in watershed GIS Data, Summit County Chapter 5, OWS 
Characterization section 

Typical STE flows Literature review Appendix A 

Typical STE water quality Literature review Appendix A 

Soil reaction rates Literature review Appendix A 

Phosphorus adsorption rates Literature review Appendix A 
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Table 3-1 
OWS-Related Data Required by WARMF (Cont.) 

Data Type Source Location in Report 

Calibration data for biozone algorithm Laboratory experiments Appendix C 

In-stream water quality Field data collection Appendix E 

Groundwater characterization Field data collection Appendix E 
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4 BIOZONE ALGORITHM 

WARMF was enhanced to model the processes occurring in the biogeochemically-active 
biozone of an OWS before releasing its effluent to the subsurface. The work included:  

1. Developing algorithms to represent the hydrologic and biogeochemical processes of a 
biozone 

2. Testing and calibrating the biozone module with data collected in column experiments 

3. Incorporating the biozone module into a watershed-scale model (WARMF) 

4. Testing it under field conditions.  

This chapter describes the first two tasks: development and testing of the biozone algorithm. 

Description of the Biozone 

A biozone layer is usually formed within the soil at and below the infiltrative surface. This zone 
is created by the buildup of bacteria biomass, which enhances sorption, nitrification, biological 
decay, and bacterial die-off. The biozone is a dynamic region that includes a clogging zone 
where permeability loss occurs (often within the initial 0 to 2 cm of soil) and hydraulic effects 
can be pronounced. The biozone also includes a biochemically-active treatment zone (often in 
the top 10 to 15 cm) where physical and biological processes can contribute to substantial 
pollutant transformation and removal. A well-developed biozone is often saturated and 
anoxic/anaerobic near the infiltrative surface with a transition to an unsaturated and aerobic 
condition within 10 to 15 cm below the infiltrative surface in most soils. The biozone is 
represented as a small control volume that accepts septic tank effluent (STE). The flow and 
quality of STE are modified as it passes through the biozone and then into the unsaturated soil 
layers below. 

Motivation 

Early in the project, WARMF was initially set up to simulate OWS on a watershed scale without 
taking into account a separate control volume for the biozone (Chen et al. 2001a). In these 
exercises, use of a very high nitrification rate in the soil layers was necessary to achieve a good 
result. For WARMF to be more robust, including the biozone as an independent control volume 
was deemed necessary. The biogeochemically-active biozone provides a high nitrification rate so 
that the nitrification rate coefficient of the underlying soil layers can be returned to normal 
values.  
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Biozone Algorithm 

With a biozone algorithm, WARMF can simulate the build up of plaque (dead bacteria and solid 
residue), which in time can cause loss in infiltration capacity and under some conditions, a 
hydraulic failure of OWS. The capability to predict the hydraulic failure of OWS was thought to 
be an important added feature of WARMF. 

Wastewater source
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Ground water zone

Well

Percolation

GW recharge

Biozone
Infiltration

WARMF 
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Volume

 
Figure 4-1 
Schematic Showing the Biozone Location in an OWS 

Another motivation for the development of the biozone algorithm also came from earlier work, 
in which the steady-state model, HYDRUS 2-D, was used to simulate the hydraulic behavior of a 
WSAS for site-scale modeling (Appendix F, Site-Scale Modeling Using HYDRUS 2-D). 
HYDRUS 2-D assumed a constant hydraulic conductivity. This assumption was found to be 
limiting, which pointed out the need for a dynamic model to account for the changing hydraulic 
conductivity of the biozone. 

From a research standpoint, the behaviors of OWS have empirically been observed and 
documented. To advance our knowledge of OWS operation and performance, translating the 
empirical observations into quantitative theories is desirable. These theories, expressed in terms 
of equations for various physical, chemical, and biological processes within a biozone, can be 
incorporated into a mathematical model to test their validity with observed data. 

Theory and Formulation of Biozone Algorithm 

The biozone algorithm was first developed in a stand-alone module. After calibration and testing, 
the module was incorporated into WARMF. The development of the biozone algorithm was 
based on a conceptual model of how a biozone develops and functions as determined through 
laboratory and field research. 
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Research has shown that a biozone develops in a WSAS. A theory is that the biozone is formed 
by the growth of microorganisms feeding on the organic matter (BOD) of STE. The biomass 
increases the field capacity of the biozone, due to the filamentous material of the live biomass, 
creating a higher surface area. This higher surface area retains additional water, much like a 
sponge. As biomass dies off, plaque remains in the pore space. The plaque is composed of only 
solids material, which takes up space. The plaque does not contain filamentous material like the 
live biomass. As the plaque builds up, the porosity of the biozone decreases. Over time, the gap 
between field capacity and porosity becomes narrower, and the infiltration rate through the 
biozone decreases. If loading of STE is continued, ponding may occur and eventually lead to a 
hydraulic failure of the OWS.  

Further theorized is that the biozone consists of an intense region of biomass accumulation and 
pore filling near the infiltrative surface (top 2 cm) that affects infiltration rate properties and 
provides treatment through physical and biological processes, as well as a more extensive zone 
of biofilm accumulation (initial 10 to 15 cm of soil) that enables pollutant transformation and 
removal to occur. The live biomass within the entire biozone is the primary force for reactions 
such as BOD decay, nitrification, and coliform die-off. The rates of such reactions depend on the 
amount of biomass present in the biozone and as the biozone matures over time, the reaction 
rates increase.  

The equations to represent the above mentioned processes are presented in the following 
sections. 

Buildup of Biomass 

The BOD contained in STE promotes the growth and build up of live bacteria biomass at the 
infiltrative surface. The mass balance equation of live bacteria is: 

 sloughmortrespBOD
P

inBOD RRRC
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I
QC
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Biod

−−−⎥
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⎤
⎢
⎣
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∆
−= ∑ ,

)( α  Equation 4-1 

where Bio = biomass of live bacteria in biozone, mg 
CBOD,in = BOD concentration in STE, mg/L 
CBOD = BOD concentration in biozone, mg/L 
α = gram biomass / gram BOD in STE, unitless 
Q = the flow rate of STE, cm3/s 
IP = percolation out of the biozone, cm3 
Rresp = respiration of bacteria, mg/s 
Rmort = mortality of bacteria, mg/s 
Rslough = sloughed off bacteria, mg/s  
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For each timestep, a portion of the live biomass is removed during respiration and death. The 
reactions for biomass respiration and mortality are calculated as follows: 
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where θs = saturated moisture content of biozone, unitless 
 Z = thickness of biozone, usually ~2 cm 
 A = biozone area, cm2 
 γ,φ = rate coefficients, cm3/s 

These empirical equations are scaled by 1 / (θs Z A), which is equal to 1 / pore volume. This 
scaling is done so that the reaction rate can be translated from small-scale (laboratory column) to 
large-scale field conditions without unintended amplification due to a higher mass of biomass.  

Biomass can also be sloughed off and removed from the biozone by a high pore velocity of 
infiltrating water. The mass of sloughed bacteria is calculated as: 

  Equation 4-4 
δη pslough vR =

where  νp = pore velocity = ΣQ/(Aθs), cm/s 
 η = calibration parameter, mg/cm 
 δ = calibration parameter, unitless 

Buildup of Plaque 

As the biomass dies, a portion of it is transformed into plaque. Plaque is also built up from total 
solids contained in the STE. Plaque can also be sloughed off and removed from the biozone by a 
high pore velocity of infiltrating water. The sloughing formulation is the same as was presented 
in equation 4.4 for live biomass. The mass balance equation of plaque is: 

 sloughmort RTSQR
dt

Plaqued
−+= ∑ *)( σ  Equation 4-5 

where σ = calibration parameter to convert total solids in STE to plaque, unitless 
Q = flow rate of STE, cm3/s 
TS = total solids contained in STE, approximately 500 to 600 mg/L 
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Impacts of Field Capacity, Saturated Moisture, and Hydraulic Conductivity 

The field capacity of natural soil is a constant. However, the field capacity of a biozone is 
dynamic because it is dependent on the amount of live bacteria biomass. As the biomass 
increases, the filamentous material of the biomass allows the layer to retain additional water, 
much like a sponge. The field capacity is adjusted for each time step as follows: 

 ( )
)(

)(

1,1,1,, ZA

t
dt
Biod

b
tftstftf ρ

θθθθ ξ
⎥⎦
⎤

⎢⎣
⎡ ∆

−Φ+= −−−  Equation 4-6 

where θf,t = field capacity at time t, unitless 
θf,t-1 = field capacity at time t-1, unitless 
θs,t-1 = saturated moisture at time t-1, unitless 
Φ, ξ = calibration parameters, unitless 
d(Bio)/dt = live biomass growth rate, mg/s 
∆t = time step of calculation, seconds 
ρb = density of biomass, mg/cm3 

The saturated moisture content (porosity) of natural soil is usually constant. However, in a 
biozone, the porosity may change with time due to the build up of plaque from dead bacteria 
biomass and solid residue. This build up of solids reduces the available pore space:  

 
ZA

Plaque

p
sms ρ

θθ −=  Equation 4-7 

where θs = actual saturated moisture content of biozone, unitless 
θsm = porosity of parent soil with zero plaque, unitless 
Plaque = biomass of dead bacteria and residue, mg 
ρp = density of biomass, mg/cm3 

The potential percolation through a biozone (IP1, cm3) is controlled by the field capacity, 
saturated moisture (porosity) and hydraulic conductivity. Assuming homogenous soil conditions 
within the biozone, potential percolation is calculated as follows:  

 IP1 = PvA∆t Equation 4-8 

where A = surface area of biozone, cm2 
∆t = time step of model calculation, s 
Pv = hydraulic conductivity, cm/s 
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The hydraulic conductivity is a function of moisture content in the biozone:  

 
fs

fKvPv
θθ
θθ

−

−
=  Equation 4-9 

where Kv = the intrinsic hydraulic conductivity, cm/s 
θ = moisture content of biozone, unitless 
θf = field capacity of biozone, unitless 
θs = saturated moisture content of biozone, unitless 

The minimum percolation is the free water in the biozone: 

 ))((2 fP AZI θθ −=  Equation 4-10 

The actual percolation through the biozone is the smaller of IP1 and IP2, that is: 

  Equation 4-11 ),min( 21 PPP III =

For each time step, a water balance is performed to update the moisture content of biozone: 
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EItQ P
tt
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−−∆
+= −θθ  Equation 4-12 

where θt = moisture content of biozone at time t, unitless 
θt-1 = moisture content of biozone at time t-1, unitless 
Q = STE flow into biozone, cm3/s 
E = evapotranspiration from biozone, cm3 

Transformation and Decay Reactions 

Transformation and decay of pollutants in a biozone is simulated using a first order reaction: 

  Equation 4-13 tK
oeCC ∆−=

where C = concentration in biozone at time t, mg/L 
Co = concentration in biozone at time t-1, mg/L 
Ki = first order reaction rate, 1/day 
t = time, day 
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Reaction rates for each constituent are calculated as follows: 
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where K1,i = the reaction rate calibration parameter for each constituent i. As with the biomass 
respiration and mortality, the empirical reaction rates are scaled by 1 / (θs Z A), which is equal to 
1 / pore volume. This scaling is done so that the reaction rate can be translated from small-scale 
(laboratory column) to large-scale field conditions without unintended amplification due to a 
much higher mass of biomass. The primary reactions that occur in the biozone are nitrification, 
denitrification, BOD decay, and fecal coliform bacteria decay. 

Phosphorus Adsorption 

Phosphorus adsorption takes place in the soil media below the biozone. WARMF uses a linear 
isotherm represented by the equation: 

   Equation 4-15 CKS D=

where S is the mass solute sorbed per unit dry weight of solid (mg/kg), C is the concentration of 
the solute in solution equilibrium with the mass of solute sorbed onto the solid (mg/L), and KD is 
the linear distribution coefficient (L/kg). One limitation of a linear isotherm is that it does not 
limit the amount of solute that can be sorbed onto the soil. With no upper limit, the soil would 
have an infinite capacity for phosphorus loading from OWS. To remedy this, a parameter setting 
the upper limit on phosphorus adsorption sites was introduced into WARMF.  

Discharge to Soil Layers 

After STE passes through the biozone, it is discharged into the soil layers below. Here, the 
constituents are subject to additional transport/fate processes as would be expected to occur in 
natural soils. Figure 4-2 shows the pathways of flow after STE exits the biozone.  
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Lateral flow to 
downstream 
catchment or 
river 

Percolation from rain and snow

BZ Type3 BZ Type2

Soil Layers 

STE 
BZ Type1

Failed OWS Overland flow

Note: WARMF assumes vertical flow between layers. When a layer reaches field capacity or greater, lateral 
flow will occur. When a layer reaches saturation, excess water will "back up" into the layer above. When all 
layers are above field capacity, all layers will experience lateral flow. 

Figure 4-2 
Schematic Showing of Pathways of Subsurface Flow in WARMF 

To account for three types of OWS, WARMF was programmed to model up to three different 
biozones in each land catchment. When the field capacity has reached the level of the saturated 
moisture content to cause hydraulic failure, the excess STE will be added to detention storage on 
the catchment surface. After being added to the detention storage, the STE water can percolate 
through the soil layers if the moisture level is not saturated. If the soil is saturated, the STE water 
and pollutants, held in detention storage, will become available for surface runoff in the next 
time step.  

Other Assumptions 

As with any model development, establishing several model assumptions in order to represent 
the physical system of a biozone in a modeling framework was necessary. The following 
assumptions were based on laboratory observation and available knowledge: 

• Typical biozone thickness is 2 cm. 

• The composition of bacteria biomass is 8% nitrogen and 2% phosphorus by weight. 

• The biozone receives a continuous daily loading of STE. Intermittent dosing over the course 
of one day is not considered. 

• When the biozone is clogged and the STE backs up, it is added to the detention storage of the 
catchment. 

• Total solids and TDS concentrations of STE are the same. 
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Calibration and Testing 

The biozone formulations described above include coefficients such as field capacity, saturated 
moisture content (porosity), and a BOD to live bacteria biomass conversion factor, among others. 
The field capacity and porosity of typical soils can be estimated from literature values. Other 
coefficients can be measured scientifically. Several parameters are empirical and their values are 
estimated and adjusted through a model calibration procedure.  

Data from a one-dimensional column experiment were used for verification and calibration 
(Appendix C, Biozone Development and WSAS Performance: Column Studies). This column 
experiment compressed the time scale of observation by accelerated loading of STE (Siegrist et 
al. 2002). This section describes set up of the model to simulate the laboratory conditions under 
the controlled experiment allowing the rate coefficients for various biozone processes to be 
established. Subsequent calibration will be made for field data being collected at Mines Park 
(Appendix D, Biozone Genesis and WSAS Performance: Field 3-D Test Cells).  

Column Study Data 

Sixteen experimental data sets were obtained from Colorado School of Mines (CSM). The 
experiments were conducted by applying STE to sand columns under accelerated loading 
conditions (5 to 30 times the typical design application rate). Results were provided for replicate 
columns dosed under four loading regimes for 138 days (Siegrist et al. 2002). 

Table 4-1 summarizes the daily hydraulic loading rates for each data set. Although columns 3 
and 4 were set up for intermittent dosing conditions (four doses per day), their average dosing 
rates were used for model testing. For each loading rate, columns A and B were set up with a 
gravel-free infiltrative surface whereas columns C and D included a washed gravel layer at the 
infiltrative surface. Columns A and B were used for model comparison. 

Table 4-1 
Experimental Dosing Rates 

Column Design Loading Rate 

1 (A,B) 35.36 L/d 

2 (A,B) 17.68 L/d 

3 (A,B) 8.84 L/d 

4 (A,B) 4.42 L/d 

To alleviate severe anoxic conditions observed in the columns after two weeks of operation, 
aeration holes were drilled in the column sidewalls. The anoxic condition likely contributed to 
the severe outlier data points measured for several columns on day 13. Therefore, data points for 
day 13 were omitted from the data set for model comparison. Appendix C, Biozone Development 
and WSAS Performance: Column Studies provides more details on the one-dimensional column 
laboratory studies.  
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In the experiments, columns were loaded with STE from a nearby multi-family housing unit. The 
STE quality used in the calibration runs was representative of the effluent applied during the 
laboratory experiments. Table 4-2 summarizes the water quality of STE used for calibration. 

Table 4-2 
Water Quality of STE Used for Simulation Runs 

Parameter Concentration, 
mg/L 

BOD5  181 

Total suspended solids* 126.5 

Ammonia (as NH4-N) 65 

Nitrate (as NO3-N) 1 

Phosphate (as PO4-P) 26 

Fecal coliform bacteria (MPN/100 mL) 1500 

*Note: Total suspended solids were not simulated. Data provided for informational purposes only. 

Model Coefficients 

Several model coefficients were adjusted during the calibration process. Adjusted first were field 
capacity and sloughing coefficients that affect the hydraulic capacity of the biozone. Then decay 
rates were adjusted to match observed water quality concentrations.  

Table 4-3 shows the calibrated coefficients. In addition, the field capacity and saturated moisture 
content were set to 0.235 and 0.5 respectively. These values are consistent with clean sand. 

A sensitivity analysis was performed to characterize the sensitivity of the empirical calibration 
parameters that were set during calibration. Column 3 data was randomly selected for the 
sensitivity analysis exercise. Multiple simulations were performed to determine which 
calibration parameters from Table 4-3 were most sensitive. While holding all other coefficients 
constant, each parameter was increase by 50% and then decreased by 50%. Simulated flow was 
then compared to the calibrated case. The following three calibration parameters stood out as 
being the most sensitive: 

• α, gm biomass/gm BOD in STE 

• Φ, Field capacity coefficient 1 

• ξ, Field capacity coefficient 2 

For the remaining parameters, perturbation of +/– 50% did not produce significant change in 
flow predictions.  
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Table 4-3 
Calibrated Coefficients of the Biozone Module 

Symbol Value Description 

α 0.42 Gram biomass/gram BOD in STE 

γ 0.18 Respiration rate coefficient, cm3/s 

φ 0.29 Mortality rate coefficient, cm3/s 

η 4.0 × 10-4 Sloughing coefficient 1, mg/cm 

δ 1.5 Sloughing coefficient 2, unitless 

σ 0.1 Plaque coefficient for TDS, unitless 

Φ 30 Field capacity coefficient 1, unitless 

ξ 0.7 Field capacity coefficient 2, unitless 

ρb 1000 Density of biomass, mg/cm3 

K1,nitr 1.0 Nitrification rate coefficient, cm3/s 

K1,denitr 0.05 Denitrification rate coefficient, cm3/s 

K1,BOD 108 BOD decay rate coefficient, cm3/s 

K1,fecal 15 Fecal coliform bacteria decay rate coefficient, cm3/s 

Simulations Results 

The model was configured to represent the laboratory conditions as closely as possible. The area 
of the infiltrative surface was set to equal that of the experimental columns (diameter = 15 cm, 
area = 176.7 cm2). In addition to modeling a 2-cm-thick biozone on the infiltrative surface, the 
model included infiltration through a 60-cm soil layer below the biozone. Simulations of the 
entire column length (biozone and underlying sand) were performed for each flow regime for a 
period of five months (153 days). For each flow, simulated results of flow and quality at the 
bottom of the sand layer were compared to four sets of experimental data. 

Simulation of Biomass Build Up and Hydraulic Conductivity 

Figure 4-3 shows the simulated build up of live and dead bacteria in the biozone. There is no 
observed data for comparison. The biomass growth appears to taper off after approximately 80 
days due to the increase of pore velocity, which sloughs off bacteria. A delay in significant 
biomass buildup was simulated for all columns with the longest delay (approximately 18 days) 
observed in column 1. 
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Figure 4-3 
Simulated Bacteria Biomass in the Biozone for Columns 1, 2, 3, and 4 

The higher flow rates for columns 1 and 2 appear to have caused the bacteria to slough off in 
these early days resulting in a delay for biomass buildup. The dead bacteria biomass (plaque) 
increases with the live bacteria biomass. The highest build up of plaque is observed with the 
lowest loaded column 4, which is likely due to lower sloughing of plaque at lower loading rates. 
All of these trends are reasonable. 

The hypothesis is that the hydraulic failure of OWS can be caused by excessive pore clogging in 
the biozone. Figure 4-4 shows the simulated field capacity and saturated moisture for each 
column. Under the experimental condition of a high loading rate, the rapid build-up of bacteria 
caused the field capacity to approach the saturated moisture content (porosity) in 20 to 40 days. 
At that point, the model predicts a hydraulic failure, which caused the experimental columns to 
overflow, as observed in the laboratory. 
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Figure 4-4 
Simulated Field Capacity (ThetaFC) and Saturate Moisture Content (ThetaS) of Column 
Experiments 

Hydrology Calibration 

Figure 4-5 through Figure 4-8 compare the simulated and observed throughput of the column 
experiments. All simulations are of the entire length of the column including both the biozone 
and underlying sand. For all columns, the model showed an initial increase in flow up to a 
maximum value equal to the input flow rate. The maximum flow was reached in approximately 
four days for all cases. After a period of time, the flow out of the bottom of the column was 
reduced due to decreased infiltration into the biozone and ponding at the surface.  

Ponding occurred earlier for the higher loading rates (approximately 10 days for column 1) and 
later for the lower loading rate (approximately 60 days for column 4). After approximately 100 
days, the simulated flow out of the column approached a steady state flow of approximately 
1 × 10-8 m3/s or 4–5 cm/day for all cases (similar to rates measured in the lab at the end of the 
study [111 days]). 

With the same model coefficients, the model reasonably simulated a wide range of loading 
conditions. R-squared values were greater than 0.7 for several columns. Though observed data is 
presented for replicate columns at each loading rate, the high amount of scatter when comparing 
columns A and B for each loading rate suggests inherent variability in the system. The poorest 
match of simulated versus observed was for column 4, which showed the highest degree of 
scatter in observed data. 
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Figure 4-5 
Simulated and Observed Flow for Column 1. R2 = 0.72 (1A), R2 = 0.59 (1B) 
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Figure 4-6 
Simulated and Observed Flow for Column 2. R2 = 0.62 (2A), R2 = 0.54 (2B) 
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Figure 4-7 
Simulated and Observed Flow for Column 3. R2 = 0.36 (3A), R2 = 0.78 (3B) 
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Figure 4-8 
Simulated and Observed Flow for Column 4. R2 = 0.06 (4A), R2 = 0.02 (4B) 
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Water Quality Calibration 

This section compares the simulated and observed water quality of column experiments. All 
simulations are of the entire length of the column including both the biozone and underlying 
sand. All measured water qualities are of the water leaving the bottom of the sand column.  

Figure 4-9 through Figure 4-12 compare the simulated and observed ammonia nitrogen. For all 
columns the simulated ammonia concentration rises quickly to a peak concentration of  
60–70 mg/L. After the biomass begins to mature and nitrification increases, the ammonia 
concentration sharply decreases and steadily decreases to a constant value after approximately 60 
days. Laboratory column data shows a similar pattern for all loading rates. One exception, 
however, was observed for column 1B. Laboratory data suggest little nitrification occurred in 
this column because high ammonia concentration, low nitrate concentrations, depressed 
alkalinity, and high levels of BOD measured as late as 80 to 100 days into the experiment. 
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Figure 4-9 
Simulated and Observed Ammonia for Column 1 
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Figure 4-10 
Simulated and Observed Ammonia for Column 2 
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Figure 4-11 
Simulated and Observed Ammonia for Column 3 
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Figure 4-12 
Simulated and Observed Ammonia for Column 4 

Figure 4-13 through Figure 4-16 compare the simulated and observed nitrate nitrogen. For all 
cases, the simulation shows a steady increase in nitrate concentration as the biozone matures and 
nitrification increases. As the flow rate decreases, a decreasing trend in nitrate is observed. The 
model predicts trends consistent with the observed data for all columns. The best match between 
simulated and observed nitrate is seen in columns 3 and 4. For columns 1 and 2, the model 
appears to be predicting the increase in nitrate too early. This lag in observed data may be due to 
a slower growth rate of nitrifying bacteria as compared to other types of bacteria. This 
phenomenon would not be captured by the model due to the linear relationship between biomass 
and nitrification rate used in the algorithm. As previously mentioned, observed data for column 
1B indicated little nitrification occurred in this column. 
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Figure 4-13 
Simulated and Observed Nitrate for Column 1 
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Figure 4-14 
Simulated and Observed Nitrate for Column 2 
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Figure 4-15 
Simulated and Observed Nitrate for Column 3 
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Figure 4-16 
Simulated and Observed Nitrate for Column 4 
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Simulated and observed results for fecal coliform bacteria are presented in Figure 4-17 through 
Figure 4-20. The simulated results indicate a decreasing trend of fecal coliform bacteria followed 
the maturation of the biozone, which caused an increase of decay rate. For all cases, simulated 
values fall within the range of observed values. 
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Figure 4-17 
Simulated and Observed Fecal Coliform Bacteria for Column 1 
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Figure 4-18 
Simulated and Observed Fecal Coliform Bacteria for Column 2 
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Figure 4-19 
Simulated and Observed Fecal Coliform Bacteria for Column 3 
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Figure 4-20 
Simulated and Observed Fecal Coliform Bacteria for Column 4 
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Figure 4-21 through Figure 4-24 compare simulated and observed BOD. Simulated results 
indicate a sudden drop of BOD concentration after approximately 10 to 20 days is noted for all 
cases. This drop is due to the biozone consuming BOD to build up biomass. Though not a perfect 
fit, the simulation follows the trends of experimental data for most cases. 
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Figure 4-21 
Simulated and Observed BOD for Column 1 
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Figure 4-22 
Simulated and Observed BOD for Column 2 
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Figure 4-23 
Simulated and Observed BOD for Column 3 

 

0

20

40

60

80

100

120

140

160

180

200

0 20 40 60 80 100 120 140 160

Elapsed Time (Days)

B
O

D
 (m

g/
L)

BOD Simulated
Column4A
Column4B

 
Figure 4-24 
Simulated and Observed BOD for Column 4 
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Figure 4-25 through Figure 4-28 show the simulated and observed total phosphorus. Simulated 
results show a low initial concentration for 10 to 60 days, up to a point of breakthrough where 
the concentration rises quickly and then tapers off. This point of breakthrough corresponds to the 
point of maximum adsorption at which all phosphorus adsorption sites have been occupied. The 
simulated pattern is logical in that the higher dosed columns reach a breakthrough point sooner 
than the lower dosed columns. However, the measured column data shows an unexpected 
opposite trend when comparing columns 1 through 4, likely attributed to several factors 
including sampling and analyses methods, column operation, and changing conditions within the 
column (for example, microbial activity). 
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Figure 4-25 
Simulated and Observed Total Phosphorus for Column 1 
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Figure 4-26 
Simulated and Observed Total Phosphorus for Column 2 
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Figure 4-27 
Simulated and Observed Total Phosphorus for Column 3 
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Figure 4-28 
Simulated and Observed Total Phosphorus for Column 4 
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Simulated and observed total nitrogen are presented in Figure 4-29 through Figure 4-32. 
Simulated total nitrogen increases to a maximum value in a matter of one to two days for all 
columns. After that, a slow decrease in total nitrogen is observed. For most cases, the 
experimental data shows a slower climb to a peak nitrogen concentration. In general, the 
simulation falls within the wide range of observed values for most cases. 
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Figure 4-29 
Simulated and Observed Total Nitrogen for Column 1 
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Figure 4-30 
Simulated and Observed Total Nitrogen for Column 2 

4-27 



 
Biozone Algorithm 

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160

Elapsed Time (Days)

To
ta

l N
itr

og
e 

(m
g/

L)
TotNitro Simulated
Column3A
Column3B

 

To
ta

l N
itr

og
en

 (m
g/

L)
 

Figure 4-31 
Simulated and Observed Total Nitrogen for Column 3 
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Figure 4-32 
Simulated and Observed Total Nitrogen for Column 4 
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When bacteria in the biozone nitrifies ammonia (a cation) to nitrate (an anion), the model will 
predict a decrease of alkalinity and pH. Figure 4-33 through Figure 4-36 compare simulated and 
observed alkalinity for each column. For all columns, simulated alkalinity starts high 
(approximately 400 mg/L calcium carbonate [CaCO3]) and eventually drops to a steady level of 
approximately 50 mg/L CaCO3 after 60 to 80 days. This pattern is observed in the laboratory and 
predicted by the model. For column 1B, the alkalinity stays at a constant high value throughout 
the experiment, which is consistent with the observation that no nitrification occurred in this 
column. 
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Figure 4-33 
Simulated and Observed Alkalinity for Column 1 
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Figure 4-34 
Simulated and Observed Alkalinity for Column 2 
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Figure 4-35 
Simulated and Observed Alkalinity for Column 3 
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Figure 4-36 
Simulated and Observed Alkalinity for Column 4 
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Figure 4-37 through Figure 4-40 compare simulated and observed pH for each column. For all 
columns, the simulated pH fell from 8 to 7 over the period of simulation. Observed pH showed 
similar trends though values dipped to as low as 5 for several columns. 
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Figure 4-37 
Simulated and Observed pH for Column 1 
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Figure 4-38 
Simulated and Observed pH for Column 2 
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Figure 4-39 
Simulated and Observed pH for Column 3 
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Figure 4-40 
Simulated and Observed pH for Column 4 
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Statistical Analysis 

To provide a statistical summary of the goodness of fit, the R2 values and mean flows and 
concentrations for each column were compared. Figure 4-41 shows the maximum R2 values for 
each calibration run. Most R2 values fell between 0.4 and 0.8. High R2 values were calculated for 
flow, nitrate, pH, and alkalinity. Lower R2 valued were calculated for fecal coliform bacteria, 
BOD, total nitrogen, and total phosphorous. The low R2 values calculated for column 4 
illustrated the difficulty of matching model simulations with the highly scattered data for this 
column. 
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Figure 4-41 
R2 Values for Each Parameter and Column 

The comparison of mean flow and concentrations for each simulation and data set provides 
another mechanism for evaluating model performance with respect to observed data. Figure 4-42 
through Figure 4-50 show the mean values for flow, ammonia, nitrate, fecal coliform bacteria, 
BOD, total phosphorus, total nitrogen, alkalinity, and pH respectively. For most parameters, the 
simulated means lie within the range of the observed means. The best comparison is observed for 
flow, total phosphorus and total nitrogen. The poorest comparison of means is observed for 
ammonia and BOD. The results for column 1B show little nitrification as compared to the model. 
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Figure 4-42 
Simulated Mean Biozone Flow Compared to Mean Measured Flow for Each Column 
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Figure 4-43 
Simulated Mean Biozone Ammonia Compared to Mean Measured Ammonia for Each 
Column 
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Figure 4-44 
Simulated Mean Biozone Nitrate Compared to Mean Measured Nitrate for Each Column 
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Figure 4-45 
Simulated Mean Biozone Fecal Coliform Bacteria Compared to Mean Measured Fecal 
Coliform Bacteria for Each Column 

 

4-35 



 
Biozone Algorithm 

0

5

10

15

20

25

30

S
im

ul
at

ed

O
bs

 1
A

O
bs

 1
B

S
im

ul
at

ed

O
bs

 2
A

O
bs

 2
B

S
im

ul
at

ed

O
bs

 3
A

O
bs

 3
B

S
im

ul
at

ed

O
bs

 4
A

O
bs

 4
B

Column 1 Column 2 Column 3 Column 4

M
ea

n 
B

O
D

 (m
g/

L)

 
Figure 4-46 
Simulated Mean Biozone BOD Compared to Mean Measured BOD for Each Column 
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Figure 4-47 
Simulated Mean Biozone Total Phosphorus Compared to Mean Measured Total 
Phosphorus for Each Column 
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Figure 4-48 
Simulated Mean Biozone Total Nitrogen Compared to Mean Measured Total Nitrogen for 
Each Column 
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Figure 4-49 
Simulated Mean Biozone Alkalinity Compared to Mean Measured Alkalinity for Each 
Column 
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Figure 4-50 
Simulated Mean Biozone Ph Compared to Mean Measured Ph for Each Column 

Discussion 

The goal of calibration of the biozone algorithm to the one-dimensional column data was to 
establish reasonable values for the empirical coefficients contained in the model formulations. 
The model was tested against all four dosing rates applied during the experiment and all model 
coefficients were kept the same among simulation runs. All simulations were of the entire length 
of the column including both the biozone and underlying sand. The model produced reasonable 
trends that were comparable to most column data sets. Model results were compared to observed 
data using visual match and comparisons of correlation coefficients and means. In several cases, 
the scatter of observed data due to the inherent variability of a physical system was not 
reproduced by the model. However, results indicated that the model did capture the effect of the 
biozone development on infiltration, purification processes, and constituent transformation.  

This calibration is only the initial effort of model calibration. Further calibration and algorithm 
refinement can be made in the future with field data being collected at Mines Park (Appendix D, 
Biozone Genesis and WSAS Performance: Field 3-D Test Cells). 

Simulation of Field Scale OWS 

A normal OWS has a WSAS substantially larger than the cross-sectional area of the columns 
used in the laboratory experiment. On a per unit area basis, the daily hydraulic loading rates of a 
full-scale OWS are substantially lower than the rates used in the laboratory (such as 2 to 4 cm/d 
versus 16 to 160 cm/d). The next step is to apply the biozone module to simulate a full-scale 
OWS, using the model coefficients obtained in the calibrations using the laboratory data. 
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Unfortunately for this test, there were no observed flow or water quality data to compare against 
the model results. The reasonableness of the model can be judged by whether it predicts the time 
of hydraulic failure of OWS comparable to previous field experience. 

Being a deterministic model, the biozone module will predict the same failure time for all OWS 
under the same operating conditions. However, field experience indicates that not all OWS fail at 
the same time. A theory is that all systems of a given type of OWS (such as STE to a WSAS) 
may not be operated under uniform conditions. For example, each OWS in the field may receive 
different loading rates of STE with different effluent concentrations, the WSAS may be installed 
differently, and/or the WSAS may be installed in different soil or climatic conditions. Thus, the 
time for the hydraulic failures of field OWS will have a range of values. 

A Jackknife simulation has previously been adapted from Efron (1982) and Efron and Gong 
(1983) for sensitivity analysis with WARMF (Chen et al. 2001b). This technique was used to 
determine the range of times for hydraulic failure of field OWS. For the Jackknife simulations, 
STE flow rates were taken from the 10th percentile (90 L/c/day), 50th percentile (165 L/c/day) 
and the 90th percentile (300 L/c/day) as discussed in Appendix A, Input Parameters for Modeling 
Flow and Transport in Onsite Wastewater Systems. With an average WSAS area of 125 m2, this 
translates to daily loading rates ranging from 0.2 to 0.6 cm/day/person. BOD concentrations of 
STE typically range from 140 to 200 mg/L (Siegrist et al. 2001). Low, medium, and high values 
of BOD in STE were 140, 170, and 200 mg/L respectively.  

A Jackknife table was prepared for all possible combinations of low, medium, and high values of 
STE flow rates and BOD concentrations of STE shown in Table 4-4. The model was set up to 
perform a simulation for each combination, one at a time. The outputs were analyzed for the 
statistical spread of time for hydraulic failure of a conventional OWS. 

Table 4-4 
Low, Medium, and High Values of Dosing Rates and BOD Concentrations 

Parameters STE Flow Rate 
(L/c/day) 

STE BOD Concentration 
(mg/L) 

Low Value 90 140 

Medium Value 165 170 

High Value 300 200 

The project team soon found that there was no official definition for the hydraulic failure of a 
field OWS. From a modeling standpoint, one end point for the hydraulic failure can be defined as 
the time when the infiltration through the biozone is compromised and the ponding first starts. 
The other end point can be the complete failure when the infiltration rate through the biozone 
becomes virtually zero, or minimum. 
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Figure 4-51 presents the statistical distribution of predicted times to first ponding and minimum 
infiltration for the nine Jackknife simulations. The time to failure ranges from approximately six 
years to greater than 35 years. The model predicts a 70% chance that failure of a conventional 
OWS would occur before 25 years, and that the time between first ponding and minimum 
infiltration through the biozone would be approximately one year. These results are reasonable 
with respect to typical OWS life spans of 10 to 25 years (Siegrist et al. 2001). 
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Figure 4-51 
Frequency Distribution of Time to Failure for OWS Simulated with the Biozone Algorithm 

Implementation in WARMF 

After the calibration with laboratory data and the testing for simulating a full-scale OWS, the 
biozone module was incorporated into WARMF. The work included the development of input 
dialogs for users to enter biozone reaction rates (Figure 4-52) and biozone coefficients  
(Figure 4-53). The model coefficients, calibrated with experimental data, were imported into 
WARMF for default values.  

An option was provided for users to bypass the biozone algorithm. For that, the biozone area of 
the catchments is set to zero. Then the users must, instead of inputting typical STE quality, 
specify the water quality concentrations of ammonia, nitrate, BOD and fecal coliform bacteria 
leaving the biozone and entering the soil. With WARMF, the OWS can be varied yielding a 
maximum of three types within a watershed. Each OWS of the same type will have the same 
daily loading rate, pollutant concentrations, biomass buildup, infiltration, and hydraulic failure 
(for example, all conventional OWS may have a daily loading rate of 5 cm/d while all OWS with 
sand filters may have a daily loading rate of 25 cm/d).  
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WARMF will start the simulation with the initial biomass concentration of the biozone set to 
zero. For that reason, the first few months of simulation will not be accurate for a watershed 
where the biozone is already mature. There are three options to handle this inaccuracy. One is to 
simply ignore the simulation results of the first few months. Another is to specify initial biomass 
of the mature biozone. Lastly, one can run the model for one year using a warm start procedure 
of WARMF. WARMF will save the intermediate results including the initial biomass of the 
biozone for a continued simulation. More details on the application of WARMF to the Dillon 
Reservoir watershed are given in Chapter 5, Application of WARMF in the Dillon Reservoir 
Watershed. 

 

Figure 4-52 
WARMF Input Dialog for Biozone Reaction Rates 
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Figure 4-53 
WARMF Input Dialog for OWS and Biozone Coefficients 

Summary 

The biozone algorithm was developed and tested with the data from laboratory column 
experiments. The model predicted the build up of biomass bacteria, an increase in field capacity, 
a decrease in porosity and a decrease in throughput over time. The model also predicted the 
nitrification of ammonia, denitrification of nitrate, and the decay of BOD and fecal coliform 
bacteria. After calibration, the biozone module was incorporated into the watershed scale model 
WARMF. The operation time before potential hydraulic failure of a conventional OWS was also 
tested using Jackknife simulations of a full-scale OWS. 
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5 APPLICATION OF WARMF IN THE DILLON 
RESERVOIR WATERSHED 

This chapter provides information pertaining to the application of WARMF to the Dillon 
Reservoir watershed. The reservoir is west of Denver, Colorado and provides the city of Denver 
with drinking water. 

Introduction 

WARMF was applied to the Dillon Reservoir watershed using data from several sources. The 
model was calibrated against stream water quality data collected during this study (Appendix E, 
Water Quality Monitoring). Verification was performed using an existing data set from the early 
1990s. WARMF was then used to simulate several management scenarios including the 
replacement of OWS with sewerage and a centralized WWTP. 

General Input Data 

The site-specific data of the Dillon Reservoir watershed were imported into WARMF during the 
model set-up. Some data were readily available from national databases over the Internet and 
other data were either collected as part of this project or tracked down from local sources. 

Digital Elevation Model (DEM) 

WARMF imports DEM data, which were used to delineate the watershed into subcatchments, 
rivers, and lake. These data are readily available from the United States Geological Survey 
(USGS) at a 30-meter resolution (http://edc.usgs.gov/geodata/). During the delineation, decisions 
are made regarding the resolution of catchment, river, and reservoir segmentation. Generally, 
regions with a higher variance of land use and a higher density of urban activity, point sources, 
and water quality sampling stations are set up with a higher resolution than undeveloped regions 
that contribute little loading. 

Figure 5-1 presents the base map of the Dillon Reservoir watershed created by WARMF. The 
total drainage area of Dillon Reservoir watershed is 842 km2 (325 mile2). Based on the DEM 
data, the watershed was divided into 122 land catchments, 98 stream segments, and one reservoir 
containing roughly 30 layers. WARMF calculates the area, aspect, and slope of land catchments 
and the upstream and downstream elevations of stream segments. The watershed has four major 
tributaries: Snake River, Swan River, Blue River, and Tenmile Creek. 
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Figure 5-1 
WARMF Map of the Dillon Reservoir Watershed 

Meteorology 

WARMF hydrology calculations are driven by meteorology. The meteorology data includes 
daily values of precipitation, minimum temperature, maximum temperature, cloud cover, 
dewpoint temperature, air pressure, and wind speed. Precipitation and temperature data were 
compiled for six stations in or near the Dillon Reservoir watershed for 1989 through 2002  
(Table 5-1). Dewpoint temperature and wind speed data were obtained from Eagle County 
Airport. Due to lack of data for a nearby station, air pressure information from Denver was used 
after an adjustment was made to account for the elevation difference. Cloud cover for each 
station was estimated from temperature, precipitation, and dewpoint temperature.  

Each catchment is assigned a nearby meteorological station. Precipitation weighting and 
temperature lapse factors are used to account for orographic effects between the catchment and 
its meteorology station. The estimate of adjustment factors was based on a review of 
precipitation isohyetal maps, ground elevation, and prevailing wind. 
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Table 5-1 
Meteorology Stations for WARMF Application of Blue River Watershed 

Station Name ID Number Source Latitude Longitude 

Breckenridge 050909 NCDC 39.480 –106.030 

Climax 051660 NCDC 39.383 –106.200 

Copper Mountain 05019 NRCS-SNOTEL 39.483 –106.167 

Dillon 052281 NCDC 39.600 –106.050 

Grizzly Peak 05028 NRCS-SNOTEL 39.650 –105.867 

Hoosier Pass 05030 NRCS-SNOTEL 39.367 –106.067 

NCDC = National Climatic Data Center 
NRCS-SNOTEL = National Resources Conservation Service SNOpack TELemetry system 

Air Quality 

Wet and dry deposition of various water quality constituents are important input to the 
watershed. Air quality data were obtained from the EPA Clean Air Status and Trends Network 
(CASTNET). The closest station to the watershed was GOTHIC (GTH161), located 
approximately 64 miles southwest of the watershed (Latitude: 38.9573, Longitude: –106.985). 
Air deposition data are usually broken down into wet and dry fractions. Dry deposition will fall 
on any given day and accumulate on the ground surface. Wet deposition is based on the average 
concentration of constituents in precipitation. This concentration is multiplied by the daily 
precipitation to determine a wet deposition load. 

Point Sources 

Available point source data for all discharges in the Dillon Reservoir watershed were also 
compiled and imported into WARMF (Table 5-2). This data included five major discharges and 
eight minor discharges. Major stations have flows greater than 0.25 million gallons per day 
(MGD). Nine point sources are discharged to surface waters. Three minor point sources are 
discharged to groundwater. 
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Table 5-2 
Point Source Dischargers in Dillon Reservoir Watershed 

Name NPDES # 

Average 
Discharge 

(MGD) Type 
Receiving 

Water 

Ave. NH4 
Load 

(kg/d)1 

Ave. NO3 
Load 

(kg/d)1 

Ave. P 
Load 

(kg/d)1 

Frisco WWTP CO 
0020451 

0.499 Major—
Municipal 

Reservoir 4.67 20.16 0.12 

Breckenridge 
WWTP 

CO 
0021539 

1.178 Major—
Municipal 

Reservoir 55.54 23.98 0.17 

Copper 
Mountain 
WWTP 

CO 
0021598 

0.261 Major—
Municipal 

River 4.39 9.89 0.070 

Iowa Hills Water 
Reclamation 
WWTP 

CO 
0045420 

0.607 Major—
Municipal 

River 1.45 26.65 0.79 

Snake River 
WWTP 

CO 
0029955 

0.500 Major—
Municipal 

Reservoir 1.08 25.58 0.035 

Ralston Resorts, 
Keystone 

CO 
0027995 

0.006 Minor—
Ski 

Resort 

River – 0.078 0.00067

Arapahoe Basin 
Ski Area 

CO 
0023876 

0.007 Minor—
Ski 

Resort 

River 0.13 – 0.00046

Alpine Rock 
Company 
McCain Pit 

COG 
500141 

0.180 Minor—
Industrial 

River – – 0.0026 

Frisco, Wayne 
Bristol Water 
Supply 

COG 
640067 

0.046 Minor—
Municipal 

Reservoir – – 0.035 

CDOH—Vail 
Pass Rest Area 

CO 
0042731 

0.003 Minor—
Rest Area

Ground-
water 

– 0.026 0.0012 

BSD McDill 
Placer Aspen 

CO 
0029211 

0.004 Minor—
Municipal 

Ground-
water 

– 0.040 0.00041

BSD Valley of 
the Blue 

CO 
0027197 

0.001 Minor—
Municipal 

Ground-
water 

– 0.0089 0.00026

BSD South Blue 
River WWTP 

CO 
0041581 

0.017 Minor—
Municipal 

Ground-
water 

– 0.16 0.015 

1 Flow and loading data is model input based on available discharge monitoring data for each discharge from 1984 
to 2002. 
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Land Use 

A geographic information system (GIS) shape file for land use, developed by USGS Land Use 
Land Cover (LULC), was obtained from the BASINS database and imported into WARMF 
(Figure 5-2). The polygons of land uses were overlaid with those of catchments to calculate the 
percents of land uses for each catchment. The land use of the Dillon Reservoir watershed is 
primarily coniferous forest, herbaceous, shrub/brush, and alpine rock. Most commercial and 
residential land is concentrated along the Blue River Valley or near Dillon Reservoir. Several ski 
resorts populate the region as well. 

 
Figure 5-2 
Land Use Map of the Dillon Reservoir Watershed 

Managed Flow 

Managed flow includes diversions from rivers and reservoirs, and reservoir releases and spills. 
Table 5-3 lists the managed flow for the Dillon Reservoir watershed. Three small diversions 
remove water from the tributaries and upper reaches of the Blue River near Hoosier Pass. The 
water diverted is transported over the Continental Divide and out of the watershed. Dillon 
Reservoir releases flow to the Lower Blue River and Roberts Tunnel transports water to the City 
of Denver. 
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Table 5-3 
Managed Flow in the Dillon Reservoir Watershed 

Managed Flow Location Data Source 

McCullough-Sp-Diversion Hoosier Pass USGS 09044800 

Bemrose-Hoosier Diversion Hoosier Pass USGS 09044300 

Monte Cristo Diversion Hoosier Pass USGS 09041900 

Dillon Reservoir Release Dillon Reservoir USGS 09050700 

Roberts Tunnel Diversion Dillon Reservoir Denver Water 

Observed Stream Flow 

Observed stream flow data were used for comparison to model predictions during hydrology 
calibration. Data from nine stations within the watershed were obtained and imported into 
WARMF (Table 5-4). 

Table 5-4 
Observed Stream Flow Stations in Dillon Reservoir Watershed 

File Name Station Source Latitude Longitude Period of 
Record 

Blueriv1 Blue River at  
Blue River, Co. 

USGS 09046490  39.4558 –106.031 Continuous, 
1989–2002 

Blueriv2 Blue River near 
Dillon, Co. 

USGS 09046600  39.5667 –106.049 Continuous, 
1989–2002 

French French Gulch at 
Breckenridge 

USGS 09046530  39.4931 –106.044 Continuous, 
1989–2002 

Keygulch Keystone Gulch 
near Dillon, Co. 

USGS 09047700 39.5944 –105.972 Continuous, 
1989–2002 

Miners Miners Cr. above  
L. Dillon 

Summit Co. –MIN 39.57 –106.088 Bi-monthly, 
1984–1995 

Snake Snake River near 
Montezuma, Co. 

USGS 09047500 39.6056 –105.933 Continuous, 
1989–2002 

Snake2 Snake River above 
Dillon Reservoir 

Summit Co.—SRL  39.6017 –105.996 Bi-monthly, 
1984–1995 

Soda Soda Cr. above  
L. Dillon 

Summit Co.—SOD 39.595 –106.008 Bi-monthly, 
1984–1995 

Tenmile Tenmile Creek Bl 
North Tenmile Cr., 
at Frisco, Co. 

USGS 09050100 39.5769 –106.109 Continuous, 
1989–2002 
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Observed Water Quality 

Observed water quality data for six major stations and 14 minor stations were also compiled and 
entered into WARMF (Table 5-5). In addition, the field data collected by the Colorado School of 
Mines (CSM) were also entered into WARMF. The sampling from these stations is discussed in 
Appendix E, Water Quality Monitoring. In WARMF, the observed water quality data were used 
only for comparison to model predictions. 

Table 5-5 
Observed Water Quality Stations in Dillon Reservoir Watershed 

File Name Station Source Latitude Longitude 

blue2 Blue R. above Blue R., CO STORET 39.410 –106.047 

blue4 Blue R. near Dillon, CO STORET 39.549 –106.039 

blueadam Blue R. at Adams Street STORET 39.479 –106.046 

BR-1 Blue R. above McCollough Gulch CSM 39.403 –106.050 

BR-10 Blue R. above Dillon Reservoir CSM/STORET/ 
Summit Co. 39.567 –106.050 

BR-2 Blue R. above Penn. Gulch CSM 39.423 –106.042 

BR-3 Blue R. above Penn. Gulch CSM 39.430 –106.043 

BR-5 Blue R. at Blue River, CO CSM/STORET 39.456 –106.031 

BR-6 Blue R. below Blue River, CO CSM 39.469 –106.045 

BR-7 Blue R. below French Gulch CSM/STORET 39.498 –106.047 

BR-8 Blue R. west of Ten Mile Vista CSM 39.533 –106.047 

BR-9 Blue River above Swan River CSM 39.543 –106.040 

BR-4W Blue River below Penn. Gulch CSM 39.448 –106.034 

deer Deer Creek STORET 39.564 –105.861 

french1 French Gulch above Rich Gulch STORET 39.486 –105.977 

FT-1 Tenmile Cr. blw N. Tenmile Cr.  CSM/STORET 39.575 –106.110 

FT-2 Tenmile Creek at Frisco CSM/STORET/ 
Summit Co. 39.579 –106.097 

GG-1 Gold Run Gulch CSM 39.530 –106.029 

keystone Keystone Gulch near Dillon, CO STORET 39.594 –105.972 
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Table 5-5 
Observed Water Quality Stations in Dillon Reservoir Watershed (Cont.) 

File Name Station Source Latitude Longitude 

miners Miners Creek above Dillon Reservoir Sum. Co. 39.570 –106.088 

PC-1 Upper Pennsylvania Gulch CSM 39.428 –106.027 

PC-2 Pennsylvania Gulch (S. Fork) CSM 39.430 –106.041 

PC-3 Pennsylvania Gulch (N. Fork) CSM 39.434 –106.040 

peru Peru Creek at mouth STORET 39.597 –105.872 

SC–1 Spruce Creek CSM 39.441 –106.047 

snake1 Snake River above Keystone STORET 39.606 –105.942 

snake2 Snake River below Keystone STORET/ 
Summit Co.  39.602 –105.996 

Soda Soda Creek above Dillon Reservoir Summit Co. 39.595 –106.008 

SR-1 Upper Swan River CSM 39.525 –105.982 

SR-2 Swan River above Gold Run Gulch CSM 39.531 –106.027 

SR-3 Swan River at mouth near Frisco CSM / STORET 39.541 –106.037 

Stjohn St. Johns at Montezuma STORET 39.579 –105.878 

tenmile2 Tenmile Creek at Kokomo STORET 39.450 –106.200 

w10mile1 W. Tenmile Creek below Copper STORET 39.503 –106.167 

w10mile2 W. Tenmile Creek at Shrine Pass STORET 39.500 –106.167 

STORET = US EPA’s STOrage and RETrieval database (www.epa.gov/storet) 

Monitoring Well Data 

Monitoring well (MW) data were collected in the Dillon Reservoir watershed as part of this 
project. Details regarding these data are presented in Appendix E, Water Quality Monitoring. 
Soil profile and water table data taken during well drilling were used to define the soil layer 
thickness. Soil sieve analysis data provided estimates for the composition of clay, silt, and sand. 
The cation exchange capacity measured in the soil samples were input into WARMF. Hydraulic 
conductivity of the soil was estimated to range from 300 to 8,000 cm/day. Hydraulic 
conductivity of soil in WARMF was set to range from 800 to 2,000 cm/day.  
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Water qualities of well samples were used to compare against groundwater concentrations 
predicted by WARMF. Table 5-6 shows the average concentrations of two wells sampled in the 
Blue River Estates region (MW1 and MW2) compared with the average concentrations 
calculated by WARMF in nearby catchments. Most concentrations are within the same order of 
magnitude for both simulated and observed.  

Table 5-6 
Comparison of Well Sampling Data and WARMF Predicted Soil Solution Concentrations 
for Blue River Estates 

Parameter Ave. Well Sampling Data: 
MW1, MW2  

(mg/L) 

Ave. WARMF Layer 4 
Concentration 

(mg/L) 

Ammonia 0.09 0.01 

Calcium 53.33 44.31 

Magnesium  10.10 8.29 

Potassium 0.78 0.67 

Sodium 2.61 3.99 

Sulfate 6.08 3.50 

Nitrate 0.85 0.14 

Chloride 3.03 2.41 

Phosphate 0.05 0.004 

Dissolved oxygen 13.17 5.94 

Study Focus Areas 

An effort was made to identify three focus areas within the Dillon Reservoir watershed that 
would be the locations of more intense sampling and modeling efforts. Figure 5-3 shows the 
locations of the three focus areas on the watershed map. These regions were selected according 
to the following criteria: 

• Subdivisions of 50 or more homes with OWS 

• Good County records on land use, onsite system type, design, and operational age 

• Availability of existing environmental monitoring data 

• Access to land for additional surface water and groundwater monitoring 
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Frisco Terrace 

Ten Mile Vista

Blue River 
Estates

Note: Green areas with a red outline indicate parcels with OWS. Small parcels appear as red. 

Figure 5-3 
Focus Areas of Dillon Reservoir Watershed Study 

Frisco Terrace 

Frisco Terrace and Wiborg Park are two contiguous subdivisions surrounded on three sides by 
incorporated sections of the Town of Frisco and on the fourth side by Interstate 70. These 
subdivisions were created in the mid-1960s and consist of generally one-half-acre parcels. All 
parcels are served by private well and sewage systems with the exception of a few properties on 
the fringes, which have opted to connect to the town sewer and/or water system. The western 
edge of both subdivisions lies 9,175 feet above sea level and drops rapidly to the east to a flat 
plain of 9,125 feet. The total lot count in both subdivisions is about 120 with the vast majority in 
the alluvial plain of Tenmile Creek. Soils and geology are characterized by shallow soils and 
rock outcrops at the western edge to alluvial soils to the east.  
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Ten Mile Vista 

This area is located midway between Frisco and Breckenridge, just east of Colorado Highway 9. 
The subdivision consists of two filings. Filing 1 was platted in 1963 and consists of 
approximately 51 lots. The lots are generally one-half-acre in size and the subdivision is 
approximately 85% built out. The Filing 2, platted in 1970, lies directly to the north of Filing 1 
and consists of 24 lots of generally two acres each. The subdivision slopes from west to east 
from elevation 9,300 to 9,200 feet above sea level.  

Shallow soils predominate the area underlain by fractured and decomposing granite and shale 
formations. Shallow groundwater follows a main drainage area toward the center of the 
subdivision. The alluvial plain of the Swan River runs adjacent to the eastern edge of the 
subdivision. The Breckenridge Golf Course is located directly south of this subdivision. 
Drainage from the golf course generally flows east and west from a center ridgeline, which is 
common to the western edge of the subdivision. Due to elevation and surface topography, this 
subdivision is relatively isolated from surrounding land areas.  

Blue River Estates 

This focus area includes a number of small subdivisions along Pennsylvania Creek, a small 
tributary of the Blue River. This is an older, more densely developed subdivision as compared to 
the other focus areas, that has a total of 360 OWS. Because of the surrounding Arapaho National 
Forest and the Continental Divide, there are few land development uses other than the housing 
development in the immediate area. 

Map Modifications 

To accommodate the high density of OWS in the three focus areas, the delineation of land 
catchments in WARMF was modified from its original configuration. Originally, catchment 
boundaries were set based on natural topography, which controlled the flow path. Catchments 
were split at subdivision borders and at locations where surface water sampling would take 
place. Figure 5-4 shows the revised catchment delineation for the Blue River Estates area. Land 
parcels with OWS are shown as green squares with a red outline on the map. Water quality 
sampling stations are also labeled on the map (that is, BR-1, BR-2). 

The new catchment configuration required catchments to be linked to downstream catchments 
instead of streams. Available well data and geology data were referenced when setting up the 
catchment linkages. Figure 5-5 shows the catchment linkages for the Blue River Estates region 
with black arrows. The current configuration of WARMF assumes that all land catchments are 
hydraulically connected to downstream rivers. Therefore in WARMF, all streams were 
considered to be gaining due to overland flow and subsurface flow draining from upland 
catchments. However, groundwater characterization performed in this study (Chapter 2, Study 
Watershed Enviornmental Setting) suggests that the surface water in the Pennsylvania Creek is 
recharging the shallow groundwater and therefore Pennsylvania Creek is a losing stream.  
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Whether or not the Blue River is also a losing stream in this area is unclear. Based on 
interpretation of the available groundwater MW data, the groundwater is this region appears to 
be moving in a northwesterly direction, and Goose Pasture Tarn is the likely discharge point for 
groundwater into the surface water system.  

Given the uncertainty of the groundwater connectivity in this localized region, it is necessary to 
evaluate the impacts of OWS from the Blue River Estates at a point downstream of Goose 
Pasture Tarn where subsurface flow from the area has recharged to the surface water. When 
additional sampling provides more information regarding the characteristics of gaining and 
losing streams in this area, WARMF can be adapted to reflect this flowpath. Required data 
would include daily estimates of flow seeping from a local stream and the percentage of this flow 
that will later enter a downstream water body (stream or lake). 

 
Figure 5-4 
Catchment Delineation in the Blue River Estates Focus Area 
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Goose Pasture Tarn 

Blue River 

Pennsylvania Creek 

 
Figure 5-5 
Catchment Flow Paths for the Blue River Estates Focus Area 

OWS Characterization 

There are approximately 1,500 OWS in the Dillon Reservoir watershed. The locations of these 
OWS were obtained from Summit County Environmental Health Department (SCEH). The GIS 
layer of OWS was imported into WARMF and is shown as green parcels with a red outline on 
the map (Figure 5-3). The number of OWS within each catchment was counted and entered into 
WARMF. It was assumed that each household contained 2.5 people. WARMF can simulate three 
types of OWS within a given catchment (for example, conventional STE WSASs, sand filter 
effluent to higher rate WSASs). Another catchment input in WARMF is the distribution of 
systems between the three types. Figure 5-6 shows OWS inputs for a catchment located in the 
Ten Mile Vista focus area. 
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Figure 5-6 
Septic System Input for a Catchment in WARMF 

STE Flow and Quality 

The flow and quality characteristics of each OWS type were estimated. Cumulative frequency 
distribution plots of typical STE flow and quality were obtained from Kirkland (2001). Details of 
the data are presented in Appendix A, Input Parameters for Modeling Flow and Transport in 
Onsite Wastewater Systems. The 50th-percentile values were extracted from the distribution plots 
and input to the model (Table 5-7). For other parameters, such as calcium and magnesium, STE 
quality was set to be similar to background concentrations in the soil in order to avoid any 
dilution effects. Figure 5-7 shows the STE quantity and quality input dialog in WARMF.  
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Table 5-7 
50th-Percentile Values for STE (Kirkland 2001) 

Parameter Value Units 

Flow 165 L/capita/day 

Biochemical oxygen 
demand (BOD) 

170 mg/L 

Ammonia (as NH4-N) 58 mg/L 

Nitrate (as NO3-N) 0 mg/L 

Phosphate (as PO4-P) 9.8 mg/L 

Fecal coliform bacteria 1.0 E7 MPN/100 mL 

 

 
Figure 5-7 
STE Input Data 
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OWS Types 

WARMF can simulate up to three types of OWS. Each type will have its own quality 
characteristics. For example, an OWS with a sand filter will have a lower BOD and fecal 
coliform bacteria concentration than a standard OWS. Literature values of STE quality for 
various OWS types were compiled and entered into WARMF’s help system (Table 5-8). The 
help system can be accessed by clicking on the Help button, which is located as shown in  
Figure 5-7. 

Table 5-8 
STE Quality for Various OWS Types 

BOD TSS TN NH4 NO3 TP
Type Description Reference (mg/L) (mg/L) (mg-N/L) (mg-N/L) (mg-N/L) (mg-P/L)

1 Septic  
a       Septic w/ SAS 170 75 70 60 0 10
b       Septic w/ SAS Siegrist et al., 2001 140-200 50-100 40-100 5-15
2 Septic w/ N removal
a       Septic w/ in-tank N removal and SAS 170 80 20 0 20 10
b       Septic tank w/ effluent N removal and recycle Siegrist et al., 2001 80-120 50-80 10-30 5-15
c       Septic w/ corrugated plastic trickling filter Ball, 1995 20 10 7.7 2.4 7.1
d       Septic w/ open-cell foam trickling filter Ball, 1995 18 17 11 5.6 4.1
3 Septic w/ single pass sand filter
a       Single pass sand filter Loomis et al., 2001 3-4 1-3 37-39
b       Single pass sand filter Ronayne et al., 1984 3.2 9 30
c       Single pass sand filter Effert et al., 1984 4 17 37.5 14.1
d       Single pass sand filter Darby, J., G. Tchobanoglous, et al., 1996 75.1 29.1 15.5 10.6 0.3
4 Septic w/ recirculating sand filter
a       At grade recirculating sand filter Loomis et al., 2001 3-4 3-4 11-16
b       Maryland style RSF Loomis et al., 2001 3-7 4-9 21-40
c       Recirculating sand filter Christopherson et al., 2001 9-14 12-15 24-29 5-6 15-23 6
5 Constructed wetlands
a       Septic tank w/ constructed wetland and surface water discharge Henneck et al., 2001 9-44 8-16 16-60 0.4-11
b       Municipal wastewater w/ constructed wetland and surface water discharge USEPA, 1993 27 15
c       Municipal wastewater w/ constructed wetland and surface water discharge USEPA, 1993 4.2 0.86 0.24
d       Municipal wastewater w/ constructed wetland  USEPA, 1993 3-12 3-25 0.15-6.43
e       Municipal wastewater w/lagoon and constructed wetland USEPA, 1993 2.5-9 4-15 0.05-3.9
6 Biofilters
a       Waterloo biofilter (plastic media) Loomis et al., 2001 3-54 0-37 10-106
b       Waterloo biofilter (plastic media) Jowett and McMaster, 1995 16.8a 5 10.2 5.7
c       Peat Biofilter Lindbo and MacConnell, 2001 3-6 6-7 1-4.1 0.4-1.5 18-22.1 1.9-4
d       Peat Biofilter Brookes et al., 1984 14-24 9-16 8.1-20.2 2.4-17.7 0.3-4.4 0.5-`14.9
7 Textile Filter
a       Recirculating Textile Filter Loomis et al., 2001 6-49 7-25 7-46
b       Foam or textile filter effluent Siegrist et al., 2001 5-15 5-10 30-60
8 Systems w/ disinfection
a       Septic, recirculating gravel filter, UV disinfection Crites et al., 1997 0 to <5 4.9 0.4 0 12.2

a. BOD value for this entry is 7 day BOD
b. Value is for total coliforms  

Private Drinking Water Well Withdrawals 

To perform the water balance calculation, it is necessary to estimate the well pumping that 
occurs in parcels not serviced by a central water-supply system. Typical domestic water use 
ranges from 75 to 380 L/c/day (McGhee 1991). For the Dillon Reservoir watershed, a pumping 
rate of 200 L/c/day was assumed. This rate of pumping results in roughly a 20% consumption of 
pumped water with the remaining 80% being discharged back to the groundwater via the OWS. 
Pumping rates were assigned to each catchment with OWS present.  
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Subsurface Characterization 

The subsurface characteristics of soil were estimated from well log data (Smith 2004). Three 
unsaturated soil layers of 0.5, 1.5, and 2 m in thickness were used to represent the subsurface. 
The hydraulic conductivity of the soil layers was estimated to range from 800 to 2,000 cm/day, 
consistent with the values obtained during well installation. The depth to the groundwater table is 
typically 4 m. Layer 4 was saturated bedrock 15-m thick with a hydraulic conductivity of 
5 cm/day. This bottom layer is hydraulically connected to the stream and provides a steady 
base-flow through the simulation. Layers 1, 2, and 3 can become saturated and can contribute 
flow during the spring melt and runoff periods. 

Hydrology Calibration 

WARMF accepts daily meteorology to simulate runoff from catchments. The runoff from 
catchments drains to stream segments. The flows in stream segments are routed through small 
creeks to the main tributaries of the Dillon Reservoir watershed. The simulation is performed for 
every catchment and river segment every day. The output is a daily time series of flow for all 
river segments. The predicted flows can be compared to observed data at various locations and 
times.  

Calibration Parameters 

During calibration, model coefficients are adjusted to improve the matches between predicted 
and observed values. Important hydrology calibration parameters include precipitation weighting 
factors, evaporation coefficients, soil field capacity and saturated moisture content, snow melt 
coefficients, and hydraulic conductivity. Precipitation weighting factors translate the amount of 
precipitation that occurs at the weather station to the amount falling on a specified land 
catchment. This factor accounts for orographic effects due to elevation differences. The factor is 
modified in conjunction with the evaporation coefficient so that the correct amount of 
precipitation is applied to the catchments to produce the right amount of runoff by WARMF. 
Snowmelt coefficients control the rising limb of the hydrograph in the spring. Field capacity, 
horizontal and vertical hydraulic conductivity, and saturated moisture of the soil control the 
recession limb of the hydrograph and the dynamic fluctuations between storms. 

Model Results 

WARMF produces four graphical outputs: 

• Instantaneous hydrograph 

• Cumulative hydrograph 

• Frequency distribution 

• Scatter plot with a statistical summary of comparison between simulated and observed data 
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To match the monitoring efforts of this project, a simulation period of October 1, 1998 to 
September 30, 2002 was chosen for calibration. The following plots present results for several 
locations in the Dillon Reservoir watershed: French Gulch, Blue River at Blue River, CO, Blue 
River above Dillon Reservoir, Tenmile, and the Snake River.  

Figure 5-8 presents the comparison of simulated and observed stream flow for French Gulch, a 
tributary of the upper Blue River. For the period of 1998 to 2002, the model under predicted 
peak flows for 1999 and 2000. The predictions were much closer for 2001 and 2002. The model 
appeared to have simulated the low flow for the dry year of 2002 and for all years, the recession 
curve of the base flow was simulated well. Figure 5-9 shows a statistical output and scatter plot 
for the calibration. The overall correlation coefficient was 0.849 for the simulated and observed 
values. Figure 5-10 and Figure 5-11 show plots for frequency distribution and cumulative flow. 
Both plots indicate a good match for low, high, and cumulative flows. 

 

Note: 1cms = 35.3 cfs 

Figure 5-8 
Simulated and Observed Stream Flow for French Gulch 
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Figure 5-9 
Statistical Output and Scatter Plot for French Gulch 

 

Note: Black line is observed; blue line is simulated. 

Figure 5-10 
Frequency Distribution Plot for French Gulch 
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Note: Black line is observed; blue line is simulated. 

Figure 5-11 
Cumulative Quantity Plot for French Gulch 

Figure 5-12 shows simulated and observed streamflow for the Blue River at Blue River, CO. For 
this location, peak flows were under predicted for 1999, over predicted for 2002, but matched 
well for 2000 and 2001. The general pattern of seasonal runoff and recession was simulated well. 
Figure 5-13 through Figure 5-15 show statistical results, a scatter plot, a frequency distribution 
plot, and a cumulative hydrograph. The correlation coefficient for this location is 0.813.  
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Note: 1 cms = 35.3 cfs 

Figure 5-12 
Simulated and Observed Flow for the Blue River at Blue River, CO  

 
Figure 5-13 
Statistical Output and Scatter Plot for the Blue River at Blue River, CO 
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Note: Black line is observed; blue line is simulated. 
Figure 5-14 
Frequency Distribution Plot for the Blue River at Blue River, CO 

 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-15 
Cumulative Quantity Plot for the Blue River at Blue River, CO 
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Figure 5-16 shows simulated and observed stream flow for the Blue River above Dillon 
Reservoir. For this location, the general pattern of seasonal snow melt is simulated well; 
however, the rising limb of the hydrograph is a little early. The peak flows for 1999 and 2000 
were under predicted, but the simulations for 2001 and 2002 showed a better match. Figure 5-17 
through Figure 5-19 show statistical results, a scatter plot, a frequency distribution plot, and a 
cumulative hydrograph. The correlation coefficient for this location 0.826. The cumulative 
hydrograph indicates a slight over prediction of cumulative flow through the simulation period. 

 

Note: 1 cms = 35.3 cfs 

Figure 5-16 
Simulated and Observed Flow for the Blue River Above Dillon Reservoir  
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Figure 5-17 
Statistical Output and Scatter Plot for the Blue River Above Dillon Reservoir 

 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-18 
Frequency Distribution Plot for the Blue River Above Dillon Reservoir 
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Note: Black line is observed; blue line is simulated. 
Figure 5-19 
Cumulative Quantity Plot for the Blue River Above Dillon Reservoir 

Figure 5-20 shows simulated and observed stream flow for Tenmile Creek above Dillon 
Reservoir. As with the other stations, the hydrograph pattern was simulated well; however, 
several peak flows were under predicted. Figure 5-21 through Figure 5-23 show statistical 
results, a scatter plot, a frequency distribution plot, and a cumulative hydrograph. The correlation 
coefficient for this location 0.815. 

 
Note: 1 cms = 35.3 cfs 

Figure 5-20 
Simulated and Observed Flow for Tenmile Creek 
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Figure 5-21 
Statistical Output and Scatter Plot for Tenmile Creek 

 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-22 
Frequency Distribution Plot for Tenmile Creek 
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Note: Black line is observed; blue line is simulated. 
Figure 5-23 
Cumulative Quantity Plot for Tenmile Creek 

Figure 5-24 shows simulated and observed stream flow for the Snake River above the N. Fork 
Snake River. The peak flows for this location matched quite well. Figure 5-25 through  
Figure 5-27 show statistical results, a scatter plot, a frequency distribution plot, and a cumulative 
hydrograph. The cumulative hydrograph shows a slight over prediction of flow volume, and the 
correlation coefficient for this location, 0.839. 

 

Note: 1 cms = 35.3 cfs 

Figure 5-24 
Simulated and Observed Flow for the Snake River Above N. Fork 
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Figure 5-25 
Statistical Output and Scatter Plot for the Snake River Above N. Fork 

 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-26 
Frequency Distribution Plot for the Snake River Above N. Fork 
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Figure 5-27 
Cumulative Quantity Plot for the Snake River Above N. Fork 

Water Balance 

As part of the hydrology calibration, the overall water balance was calculated for each water year 
(Figure 5-28). For the total simulation period from 1992 to 2002, total precipitation was 
6.77 × 109 m3. Total water diverted from the watershed including Denver water supply from 
Dillon Reservoir and three additional diversions near Hoosier Pass amounted to 1.13 × 109 m3. 
The total reservoir releases during this time period were 2.3 × 109 m3 and total evaporative losses 
were 3.42 × 109 m3. The net change in reservoir storage in the reservoir from the beginning of 
simulation in 1992 to the end of simulation in 2002 was –7.2 × 106 m3. Nearly 99% of the 
precipitation input to the watershed is accounted for in the outputs and change in storage. 
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Calculated Water Balance Volumes for Each Water Year 
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Water Quality Calibration 

WARMF routes all pollutants through the subsurface to the surface waters. The output is the 
time-dependent concentrations of pollutants for various stream segments. The water-quality 
constituents simulated include temperature, dissolved oxygen, phosphorus, ammonia, nitrate, and 
fecal coliform bacteria, among others. For stream segments with monitoring data, the predicted 
concentrations can be plotted for comparison to the observed values.  

Calibration Parameters 

The calibration of water quality is performed one constituent at a time. The calibration sequence 
of water quality constituents must follow a logical hierarchy. For example, BOD, ammonia, and 
temperature can affect the dissolved oxygen concentration and are calibrated before dissolved 
oxygen. Calibration parameters for water quality vary by constituent. The initial soil 
concentrations, phosphate adsorption coefficient, and decay rates are first set with default values 
in WARMF. Then adjustments are made to improve the match between simulated and observed 
values.  

Model Results 

Samples of water quality results are presented for the following water quality stations 

• Blue River above Pennsylvania Creek (BR3) 

• S. Fork of Pennsylvania Gulch (PC2) 

• Blue River below Pennsylvania Creek (BR4) 

• Swan River near mouth at Frisco (SR3) 

• Blue River above Dillon Reservoir (BR10) 

Note that the WARMF model provides additional output that is not presented here but could be 
viewed through the WARMF model CD. 

The graphical comparison indicates that the model predictions are in the range of the observed 
data. WARMF provides plots for time series, correlation statistics, frequency distribution, and 
cumulative curve of water quality constituents similar to those for stream flow. However, far 
fewer data points are collected for water quality than for stream flow, which makes it more 
difficult to make statistical comparisons.  

Temperature 

Figure 5-29 through Figure 5-33 present the temperature simulations for each location. For all 
locations, WARMF predicts the seasonal temperature cycle correctly. Most simulations compare 
well to observed data, though the peak temperature in 2002 was under predicted at BR3 and BR4 
and over predicted at PC2. 
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Figure 5-29 
Simulated and Observed Temperature at BR3 

 
Figure 5-30 
Simulated and Observed Temperature at PC2 
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Figure 5-31 
Simulated and Observed Temperature at BR4 

 
Figure 5-32 
Simulated and Observed Temperature at SR3 
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Figure 5-33 
Simulated and Observed Temperature at BR10 

Ammonia 

Figure 5-34 through Figure 5-38 show the simulated and observed ammonia results for the five 
selected locations. For most locations, the baseline concentration of ammonia was simulated 
well, and the simulated peak concentrations were also in the range of observed concentrations. 
For BR10, the baseline ammonia concentration is over predicted. This over prediction is believed 
to be due to the large point source upstream at Iowa Hill WWTP. The loading data available for 
this point source was limited. More accurate point source data may help improve the simulation 
at this location. 
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Figure 5-34 
Simulated and Observed Ammonia (as NH4-N) at BR3 

 
Figure 5-35 
Simulated and Observed Ammonia (as NH4-N) at PC2 
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Figure 5-36 
Simulated and Observed Ammonia (as NH4-N) at BR4 

 
Figure 5-37 
Simulated and Observed Ammonia (as NH4-N) at SR3 
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Figure 5-38 
Simulated and Observed Ammonia (as NH4-N) at BR10 

Nitrate 

Simulated nitrate concentrations at the five sample locations are compared to observed data in 
Figure 5-39 through Figure 5-43. For all locations, the general trends and ranges of simulated 
concentrations match the observed data quite well. At BR10, the over prediction of nitrate below 
the Iowa Hill WWTP is contributed to the limited point source data available for the plant, as 
discussed earlier. 
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Figure 5-39 
Simulated and Observed Nitrate (as NO3-N) at BR3 

 

 
Figure 5-40 
Simulated and Observed Nitrate (as NO3-N) at PC2 
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Figure 5-41 
Simulated and Observed Nitrate (as NO3-N) at BR4 

 

 
Figure 5-42 
Simulated and Observed Nitrate (as NO3-N) at SR3 
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Figure 5-43 
Simulated and Observed Nitrate (as NO3-N) at BR10 

Total Nitrogen 

Figure 5-44 through Figure 5-48 show simulated total nitrogen compared to observed data. The 
general trends and ranges of observed data are tracked by the model. One point to note is that the 
total nitrogen data from 2001 was collected using a method with a relatively high detection limit 
(Phase I sampling), whereas data collected in 2002 used a more accurate method with a lower 
detection limit (Phase II sampling). This change in the detection limit may explain why WARMF 
under predicted total nitrogen concentrations at several locations in 2001. 
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Figure 5-44 
Simulated and Observed Total Nitrogen at BR3 

 

 
Figure 5-45 
Simulated and Observed Total Nitrogen at PC2 
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Figure 5-46 
Simulated and Observed Total Nitrogen at BR4 

 

 
Figure 5-47 
Simulated and Observed Total Nitrogen at SR3 
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Figure 5-48 
Simulated and Observed Total Nitrogen at BR10 

Phosphate 

Simulated and observed concentrations of phosphate are presented in Figure 5-49 through  
Figure 5-53. For most locations, the concentration of phosphate during the base-flow period was 
predicted well; however, it was over predicted at PC2, BR4 and BR10 during the early winter of 
2002. Peak concentrations were simulated to be in within the range of observed for all locations. 
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Figure 5-49 
Simulated and Observed Phosphate (as PO4-P) at BR3 

 

 
Figure 5-50 
Simulated and Observed Phosphate (as PO4-P) at PC2 

5-43 



 
Application of WARMF in the Dillon Reservoir Watershed 

 
Figure 5-51 
Simulated and Observed Phosphate (as PO4-P) at BR4 

 

 
Figure 5-52 
Simulated and Observed Phosphate (as PO4-P) at SR3 
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Figure 5-53 
Simulated and Observed Phosphate (as PO4-P) at BR10 

Total Phosphorus 

Figure 5-54 through Figure 5-58 show simulated and observed total phosphorus at the five 
locations. The trends and ranges of observed data were simulated by WARMF at all locations. 
Total phosphorus data was not collected at station SR2; however, simulated total phosphorus is 
presented in Figure 5-58. 
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Figure 5-54 
Simulated and Observed Total Phosphorus at PC2 

 

 
Figure 5-55 
Simulated and Observed Total Phosphorus at BR4 
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Figure 5-56 
Simulated and Observed Total Phosphorus at BR3 

 

 
Figure 5-57 
Simulated and Observed Total Phosphorus at SR3 
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Figure 5-58 
Simulated and Observed Total Phosphorus at BR10 

Fecal Coliform Bacteria 

Simulated and observed fecal coliform bacteria results are presented in Figure 5-59 through 
Figure 5-63. The results are plotted on a log scale. The predicted surface water concentrations 
ranged from 1.0E-3 to 1,000 MPN/100 mL for various locations. The observed data were in the 
same range.  
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Figure 5-59 
Simulated and Observed Fecal Coliform Bacteria at BR3 

 

 
Figure 5-60 
Simulated and Observed Fecal Coliform Bacteria at PC2 
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Figure 5-61 
Simulated and Observed Fecal Coliform Bacteria at BR4 

 

 
Figure 5-62 
Simulated and Observed Fecal Coliform Bacteria at SR3 
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Figure 5-63 
Simulated and Observed Fecal Coliform Bacteria at BR10 

Dissolved Oxygen  

Figure 5-64 through Figure 5-68 compare simulated and observed dissolved oxygen 
concentrations for five locations. For all locations, the range of observed dissolved oxygen data 
was predicted well by WARMF; however, the pattern does not show a temporal match. 
Typically, dissolved oxygen concentrations are low in the summer and high in the winter 
because lower water temperatures allow for a higher saturation limit. WARMF consistently 
predicts this seasonal pattern, whereas the observed data shows a reverse pattern with the lowest 
concentrations occurring in the winter. The reason for the abnormal behavior of the observed 
dissolved oxygen concentrations needs to be investigated. 
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Figure 5-64 
Simulated and Observed Dissolved Oxygen at BR3 

 

 
Figure 5-65 
Simulated and Observed Dissolved Oxygen at PC2 
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Figure 5-66 
Simulated and Observed Dissolved Oxygen at BR4 

 

 
Figure 5-67 
Simulated and Observed Dissolved Oxygen at SR3 

5-53 



 
Application of WARMF in the Dillon Reservoir Watershed 

 
Figure 5-68 
Simulated and Observed Dissolved Oxygen at BR10 

Verification 

Model verification involves testing the model performance for a different time period while 
using the calibrated coefficients without modification. A time period of 1990 to 1995 was 
selected for verification. Results are presented in the following sections.  

Hydrology Verification 

Figure 5-69 compares simulated and measured stream flow at Blue River at Blue River, CO. 
Figure 5-70 through Figure 5-72 show statistical results, a scatter plot, a frequency distribution 
plot, and a cumulative hydrograph for this location. The timing and magnitude of seasonal peak 
flows matched well for most years. However, for the exceptionally wet year of 1995, the peak 
flow was under predicted. The cumulative plot shows a slight under prediction of flow volume 
and the correlation coefficient for this location of 0.756.  
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Figure 5-69 
Simulated and Observed Flow for Blue River at Blue River, CO 

 
Figure 5-70 
Statistical Output and Scatter Plot for Blue River at Blue River, CO 
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Note: Black line is observed; blue line is simulated. 
Figure 5-71 
Frequency Distribution Plot for Blue River at Blue River, CO 

 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-72 
Cumulative Quantity Plot for Blue River at Blue River, CO 

Figure 5-73 presents simulated and observed flow for the Blue River above Dillon Reservoir. 
Figure 5-74 through Figure 5-76 show statistical results, a scatter plot, a frequency distribution 
plot, and a cumulative hydrograph for this location. The timing and magnitude of seasonal peak 
flows matched well for most years. Also, the peak flow was under predicted for 1995. The 
cumulative plot shows a good prediction of flow volume and the correlation coefficient for this 
location of 0.826. 
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Figure 5-73 
Simulated and Observed Flow for Blue River Above Dillon Reservoir 

 

 
Figure 5-74 
Statistical Output and Scatter Plot for Blue River Above Dillon Reservoir  
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Note: Black line is observed; blue line is simulated. 
Figure 5-75 
Frequency Distribution Plot for Blue River Above Dillon Reservoir 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-76 
Cumulative Quantity Plot for Blue River Above Dillon Reservoir  

Figure 5-77 compares simulated and measured stream flow at Tenmile Creek. Figure 5-78 
through Figure 5-80 show statistical results, a scatter plot, a frequency distribution plot, and a 
cumulative hydrograph for this location. The hydrograph pattern was simulated well; however, 
several peak flows were under predicted. The cumulative plot shows a slight under prediction of 
flow volume and the correlation coefficient for this location of 0.738. 
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Figure 5-77 
Simulated and Observed Flow for Tenmile Creek at USGS Gage 

 
Figure 5-78 
Statistical Output and Scatter Plot for Tenmile Creek at USGS Gage  
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Note: Black line is observed; blue line is simulated. 
Figure 5-79 
Frequency Distribution Plot for Tenmile Creek at USGS Gage 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-80 
Cumulative Quantity Plot for Tenmile Creek at USGS Gage 

Figure 5-81 shows simulated and observed stream flow for Snake River above North Fork. The 
hydrograph pattern was simulated well; however, peak flows for 1994 and 1995 were under 
predicted and peak flow for 1992 was slightly over predicted. Figure 5-82 through Figure 5-84 
show statistical results, a scatter plot, a frequency distribution plot, and a cumulative hydrograph. 
The correlation coefficient for this location is 0.814.  
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Figure 5-81 
Simulated and Observed Flow for Snake River Above North Fork 

 
Figure 5-82 
Statistical Output and Scatter Plot for Snake River Above North Fork  
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Note: Black line is observed; blue line is simulated. 
Figure 5-83 
Frequency Distribution Plot for Snake River Above North Fork 

 
Note: Black line is observed; blue line is simulated. 
Figure 5-84 
Cumulative Quantity Plot for Snake River Above North Fork  
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Water Quality Verification 

The stream water quality data collected during this project and used for model calibration 
covered a large spatial area along the Blue River and included several water quality parameters. 
The data collection effort did not focus on the other main Dillon Reservoir tributaries (Tenmile 
Creek and Snake River). In contrast, water quality data available for verification from 1990 to 
1995 were only collected for a few parameters at three main sites located at the mouth of the 
major tributaries just upstream from Dillon Reservoir. 

Figure 5-85 through Figure 5-87 compare simulated and measured nitrate for the Blue River 
above Dillon Reservoir, Tenmile Creek above Dillon and Snake River above North Fork. For all 
stations, the measured seasonal pattern of low nitrate in the late summer climbing to higher 
nitrate in the early spring was captured by the model. The simulated concentration of nitrate 
generally fell within the range of observed concentration for all stations. Tenmile Creek shows a 
much higher concentration than the other tributaries as it is greatly influenced by the upstream 
point sources. The nitrate concentration for the Blue River above Dillon during the verification 
period is roughly three times lower than the calibration period (simulated mean verification = 0.1 
mg/L, simulated mean calibration = 0.3 mg/L). Both the model and the observed data captured 
the water quality impacts of the Iowa Hill WWTP, which did not begin operation until 2000. 

 
Figure 5-85 
Simulated and Observed Nitrate for Blue River Above Dillon Reservoir  
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Figure 5-86 
Simulated and Observed Nitrate For Tenmile Creek Above Dillon Reservoir  
 

 
Figure 5-87 
Simulated and Observed Nitrate for Snake River Above Dillon Reservoir  
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Figure 5-88 through Figure 5-90 compare simulated and observed total phosphorus for the three 
sites. For all three locations, the base-flow total phosphorus concentration was simulated well. 
Spikes of total phosphorus are believed to be attributed to phosphorus transported with sediment 
during high runoff periods. Though not all peaks were matched, the simulated concentrations fell 
within the range of observed concentrations. 

 
Figure 5-88 
Simulated and Observed Total Phosphorus for Blue River Above Dillon Reservoir  

 
Figure 5-89 
Simulated and Observed Total Phosphorus for Tenmile Creek Above Dillon Reservoir  
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Figure 5-90 
Simulated and Observed Total Phosphorus for Snake River Above Dillon Reservoir  

Discussion 

Calibration and verification for hydrology produced a reasonable prediction of stream hydrology 
with correlation coefficients ranging from 0.74 to 0.85. For all locations, the timing of the snow 
melt was well predicted though the peak flows were sometimes over or under predicted for 
several locations. Water quality data sets for different spatial regions were used for comparison 
with model simulations for calibration and verification. For both comparisons, WARMF 
simulated major water quality parameters within the range of those observed and followed most 
seasonal trends. Though model calibration and refinement could continue with the collection of 
additional water quality data, the model is sufficiently calibrated at this point to examine the 
relative impacts of OWS in the Dillon Reservoir watershed. 

Management Scenarios 

A valuable use of WARMF is the evaluation of management alternatives. WARMF can be used 
to analyze the effect of the replacement of OWS with sewerage and a centralized WWTP 
together with the projected growth and development in a watershed due to further urbanization. 
The effect can be evaluated in terms of the changes in pollution loads and receiving water 
quality.  
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After calibration and verification, WARMF was used to evaluate several hypothetical 
management scenarios. Due to the research emphasis of this project, the scenarios were purely 
hypothetical. Two scenarios presented in this report are 

• Scenario 1: The impact of no OWS in the watershed as compared to the existing conditions 

• Scenario 2: The conversion of OWS in the Blue River Estates area to centralized WWTP 

Scenario 1: No OWS in the Watershed 

The first scenario tested was a comparison of the base condition with OWS to a condition 
without OWS in the watershed (no corresponding load to a centralized WWTP was added). This 
scenario will help provide an understanding of the relative impact of OWS in the region.  

The “population served by septics” input was set to zero for all catchments in the watershed. 
Examination of time-series plots (not shown) showed no noticeable difference in nutrient or fecal 
coliform bacteria concentrations in the main downstream location of the Blue River (BR10). 
Noticeable differences were seen in smaller tributaries or the upper reaches of the Blue River. 
Figure 5-91 shows the simulated nitrate concentration in the Blue River above Pennsylvania 
Creek (BR2). Without OWS, spikes of nitrate during high flow periods in the spring were greatly 
reduced. 

 
Figure 5-91 
Simulated Nitrate at BR-2 With and Without OWS 
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Because Dillon Reservoir provides drinking water to the City of Denver, nutrient loading to the 
reservoir is of concern. Figure 5-92 compares the total phosphorus loading to the reservoir for 
the two conditions of this scenario. The figure shows two bar charts: one for the base condition 
with OWS (Base01050) and one for the no-OWS case (NoOWS). For each case, there is 
nonpoint source load of phosphorus at the bottom (green) and point source load of phosphorus at 
the top (magenta). The no-OWS case has a lower nonpoint source load of phosphorus. However, 
this decrease is rather slight in terms of total loading to the reservoir, which includes point and 
nonpoint loads. OWS only contribute 3.63% of the total loading to the reservoir. In terms of 
nonpoint loading to the reservoir, OWS contribute roughly 4.87%. Figure 5-93 shows a close-up 
view of the loading table displayed in WARMF. 

 
Figure 5-92 
Total Phosphorus Loading to Dillon Reservoir With and Without OWS 
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Figure 5-93 
Closeup of Total Phosphorus Loading to Dillon Reservoir With and Without OWS 

Figure 5-94 shows the comparison for total nitrogen loading to Dillon Reservoir. Only a slight 
decrease in loading is observed when all OWS are removed. OWS contribute roughly 0.16% of 
the total nitrogen loading to the reservoir and 0.47% of the total nonpoint nitrogen loading. 
Figure 5-95 shows a close-up view of the loading table displayed in WARMF. This type of 
information can help stakeholders understand the relative impact of OWS on the watershed.  
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Figure 5-94 
Total Nitrogen Loading to Dillon Reservoir With and Without OWS 

 
Figure 5-95 
Closeup of Total Nitrogen Loading to Dillon Reservoir With and Without OWS 
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Scenario 2: Convert Blue River Estates to Centralized Sewers 

Figure 5-96 presents a schematic of a second management scenario. In this scenario, the 362 
OWS in the Blue River Estates subdivision were converted to the centralized sewer system and 
WWTP. The sewage would be pumped to the South Blue River Wastewater Treatment Plant 
(SBRWWTP), which currently discharges its effluent to the subsurface. Sewering will foster 
more development and increase the plant capacity, requiring a surface water discharge to the 
Blue River just upstream of Blue River Estates.  

 

South Blue River 
WWTP 

Figure 5-96 
A Schematic of the Proposed Management Scenario to Convert Blue River Estates OWS to 
a Centralized Sewer System 
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For the scenario, the catchment input for “population served by septics” was set to zero for the 
affected catchments. A new point source file was created to account for the wastewater loading 
from these homes. The flow of the point source file was equivalent to the per capita flow rate 
times the number of people whose service would now be provided by a centralized WWTP. 
Loading for the point source file was calculated based on the flow and typical concentrations 
from the existing SBRWWTP. The treatment level currently achieved by the plant was assumed 
to be the same with the added capacity.  

Figure 5-97 shows the simulated nitrate concentrations in a catchment of Blue River Estates. The 
base scenario (Base060403) is in blue and the management scenario (ConvPennCr) is in green. 
This figure shows a significant decrease in nitrate from the catchment when the OWS have been 
removed. Figure 5-98 shows the simulated total phosphorus concentrations for both scenarios 
from a local catchment. In this plot, the two simulated lines are virtually on top of each other. 
This suggests that the total phosphorus loading from the catchment was not greatly reduced once 
the OWS were removed, and that OWS phosphorus loading is adsorbed well by the subsurface 
soil in this region. 

 
Figure 5-97 
Simulated Nitrate Concentration in a Local Catchment for Blue River Estates Without OWS 
(ConvPennCr) Compared With OWS (Base060403) 
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Figure 5-98 
Simulated Total Phosphorus Concentration in a Local Catchment for Blue River Estates 
Without OWS (ConvPennCr) Compared With OWS (Base060403) 

Figure 5-99 and Figure 5-100 show the simulated nitrate and total phosphorus concentrations in 
the Blue River below the SBRWWTP for the management scenario compared to base conditions. 
When the OWS are removed and waste load is now a point source from the WWTP, the peak 
concentration of nitrate during wet, runoff periods are lower, but the base flow concentration of 
nitrate is considerably higher. For total phosphorus, a higher concentration in the river is 
observed when the loading is treated by the WWTP instead of individual OWS. 
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Figure 5-99 
Simulated Nitrate in the Blue River Below SBRWWTP and Goose Pasture Tarn (BR-6) 
Comparing With OWS (Base060403) and Without OWS (ConvPennCr) 

 

 
Figure 5-100 
Simulated Total Phosphorus in the Blue River Below SBRWWTP and Goose Pasture Tarn 
(BR-6) Comparing With OWS (Base060403) and Without OWS (ConvPennCr) 
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Application of WARMF in the Dillon Reservoir Watershed 

Figure 5-101 presents the phosphorus loading to the Blue River. The loading was compared near 
Goose Pasture Tarn, the point along the Blue River at which it is believed that all local 
catchment flow has been returned to the surface water. When the OWS have been removed, the 
nonpoint source load of phosphorus decreases because of the reduced contribution from OWS. 
However, after conversion to centralized sewers, the point source load of phosphorus increases 
due to the increase of treated wastewater from the treatment plant. The net result is an overall 
increase of phosphorus loading after converting OWS to the centralized WWTP. The model 
shows that the STE that is removed by soil adsorption under the base condition is greater than 
the treatment level that can be achieved by the WWTP. Figure 5-102 shows a close-up view of 
the loading values for the comparison. 

 
Figure 5-101 
Total Phosphorus Loading Output for With OWS (Base060403) Compared to Without OWS 
(ConvPennCr) 
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Application of WARMF in the Dillon Reservoir Watershed 

 
Figure 5-102 
Closeup of Total Phosphorus Loading Output With OWS (Base060403) Compared to 
Without OWS (ConvPennCr) 
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Application of WARMF in the Dillon Reservoir Watershed 

Figure 5-103 presents the loading output of total nitrogen to the Blue River. Figure 5-104 shows 
a close-up view of the loading values for comparison. Although the nonpoint loading of total 
nitrogen is reduced when the OWS are converted to centralized sewers, the overall loading to the 
river has increased due to the nitrogen now being released as a point source from the WWTP. 
These results indicate that in order for the conversion of OWS in this region to be beneficial, an 
exceptionally high level of treatment would be required of the WWTP. 

 
Figure 5-103 
Total Nitrogen Loading Output With OWS (Base060403) Compared to Without OWS 
(ConvPennCr) 
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Application of WARMF in the Dillon Reservoir Watershed 

 
Figure 5-104 
Closeup of Total Nitrogen Loading Output With OWS (Base060403) Compared to Without 
OWS (ConvPennCr) 

This section has shown how WARMF can be used as a planning tool for stakeholders to decide 
whether it would be cost-effective or beneficial to convert existing OWS to centralized sewers. 
This scenario is just one simple example that was chosen for demonstrative purposes. Many 
other types of scenarios related to growth, land use change, and system conversion can be easily 
set up and analyzed by WARMF. 

Summary 

WARMF, was adapted to simulate the impact of OWS within a watershed. WARMF is a 
GIS-based watershed management tool that combines a dynamic simulation model with a data 
module and decision support modules for consensus building and TMDL development. 
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Application of WARMF in the Dillon Reservoir Watershed 

WARMF was applied to the 840-km2 (325-mile2) Dillon Reservoir Watershed in Colorado where 
about 1,500 OWS can be found along the Blue River. WARMF was set up with available DEM, 
meteorology, point source, and land use data. Additional data collected in the watershed for this 
project included surface water quality, soil properties, well data, and the spatial distribution of 
OWS in the watershed. Site-specific rates for nitrification, phosphorus adsorption, and coliform 
decay were also determined and included in the model. WARMF algorithms were modified to 
include the loading from OWS. In addition, a biozone module was developed to represent the 
biologically-active infiltration zone that develops in a soil system receiving STE. Hydrology and 
water quality simulations were run and the model was calibrated to available observed data.  

After establishing a base case, management scenarios related to OWS in three specific study 
areas (Frisco Terrace, Ten Mile Vista, and Pennsylvania Creek) were tested with WARMF. 
These scenarios included a comparison of nutrient loading to Dillon Reservoir with and without 
OWS and the conversion of existing OWS to centralized sewers in the Blue River Estates area. 
The results of these scenario runs provide useful information for decision makers of Summit 
County related to the trade-offs between OWS and centralized sewer systems as well as the 
general impact of OWS on water quality. 
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6 ADDITIONAL MODELS APPLIED 

Quantitative understanding of flow and transport processes controlling the performance of an 
individual OWS is needed to support effective design and operation of individual systems as well 
as to represent individual system inputs into watershed-scale modeling efforts. 

Site-Scale Models 

As part of this project, mathematical modeling was used to investigate the impact of the clogging 
zone (CZ) on the hydraulic performance and nutrient treatment and transport in a WSAS. This 
CZ creates an increased resistance to infiltration, which can lead to unsaturated flow conditions 
and a concomitant increase in hydraulic retention times in the subsurface. The CZ is increasingly 
referred to as a biozone since it can also be biogeochemically more reactive than clean soil and 
provide more rapid and extensive pollutant removal than clean soil. A certain degree of clogging 
may improve the treatment of wastewater by causing an unsaturated flow regime and improved 
reaction rates and extents. However, excessive clogging can lead to eventual system failure if the 
CZ becomes essentially impermeable and wastewater can no longer infiltrate (Siegrist 1987 and 
Siegrist and Boyle 1987). The service life of an OWS is often gauged by its hydraulic 
performance, which is closely related to CZ development and the long-term infiltration or 
acceptance rate of the system (Siegrist et al. 2001).  

HYDRUS-2D 

The influence of the biozone, on the two-dimensional unsaturated flow regime within an OWS 
was evaluated using the HYDRUS-2D model (Beach and McCray 2003). This modeling study 
focused on two cases: one where the biozone has not formed, and one where the biozone is 
mature (quasi-steady-state condition). Two soil types were used for each case. The effort did not 
attempt to address the temporal formation of the biozone or the influence of the biozone on 
treatment. HYDRUS-2D (Simunek et al. 1999) solves the mixed form of Richards’ equation 
(Celia et al. 1990) for variably saturated water flow using the standard Galerkin linear 
finite-element method (Appendix F, Site-Scale Modeling Using HYDRUS 2-D). The capillary 
pressure head versus water content relationships in HYDRUS-2D are based on the van 
Genuchten (1980) relationships.  

Initially, an unsaturated soil can accept exceptionally high infiltration rates in a 
capillary-dominated flow regime. For a homogeneous soil under capillary-dominant conditions, 
the long-term infiltration rate will approach the Ks value of the soil. Consequently, when the 
application rate of water is greater than the Ks of the surface layer (in this case the CZ) in a 
steady-state system, the surface layer becomes saturated and ponding will occur.  
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Additional Models Applied 

For a surface-clogged soil with a more permeable subsoil, unsaturated conditions and therefore 
negative-pressure heads develop below the CZ due to a capillary-barrier effect. For ponded 
infiltration into permeable soil with a saturated CZ, the hydraulic-head gradient across the zone 
of clogging can be quite large (positive pressure heads above the CZ, negative pressure heads 
below the CZ, and a short infiltration distance across the CZ). 

This modeling investigation demonstrated that the hydraulic properties of both the CZ and the 
subsoil play an important role in controlling the hydraulic residence times and water-content 
distributions within OWS (Beach and McCray 2003). Figure 6-1 shows the simulated water 
content distribution throughout the WSAS. The results illustrate that the clogging layer acts as a 
hydraulic impedance, causing flow through the clogged soil system to be dependent upon the 
hydraulic head above the infiltrative surface (ponding depth), Ks of the CZ, and the hydraulic 
characteristics of the subsoil. These latter findings substantiate those of Hargett et al. (1982), 
who reached similar conclusions using less quantitative methods. For both sand and silt subsoil 
cases, increasing the hydraulic resistance of the CZ (decreasing Ks) caused increased sidewall 
flow and resulted in greater hydraulic residence times.  

New (no biozone) with focused 
application of wastewater in 
center of trench 

Mature (biozone present)New (no biozone) with uniform 
application of wastewater over 
trench 

 0.05  0.45 0.10  0.15  0.20  0.25  0.30  0.35  0.40

 
Figure 6-1 
Steady-State Water Contents for a WSAS System 

The model simulations also demonstrated that increasing the hydraulic resistance of the base and 
sidewall CZ by factors of three and four, respectively, increased the ponding height required to 
sustain a constant volumetric flow rate, caused lower water contents in the subsoil, and resulted 
in larger hydraulic residence times (lower velocities). The most significant difference occurred in 
the sand case, where an increase in the CZ hydraulic resistance required a five-fold increase in 
ponding height to sustain the same daily processing rate. 
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Additional Models Applied 

The impact of infiltrative-surface CZs were not as great for the silt subsoil (ponding level 
increased by a factor of about two), likely due to the relative similarity between the hydraulic 
properties of the simulated CZ and the silt subsoil. The increases in hydraulic residence times 
due to changes in CZ properties were not as great. Generally, less than a 50% difference in 
velocities was observed between the cases for low- and high-degrees of clogging. Wastewater in 
the more mature (lower Ks) systems appears to be more widely distributed, effecting greater soil 
contact, and thus enabling enhanced treatment compared to the less mature systems.  

HYDRUS-2D simulations illustrated that an accurate knowledge of the hydraulic properties of 
the CZ and subsoil for various types of parent soil in an OWS is important for understanding and 
predicting the hydraulic efficiency of OWS, and therefore treatment efficiency of wastewater 
pollutants. Interestingly, the STE acceptance rates for silt are not largely different than for sand 
systems when a CZ has developed.  

A third modeling study was also performed to investigate flow and transport of nitrogen species 
and phosphorus in a WSAS, but did not explicitly account for biozone processes on treatment. 
Figure 6-2 illustrates the steady-state phosphate concentrations in a mature system. In this study, 
the effects of the biozone on flow and transport are indirectly included by using long-term 
infiltration rates or ponding levels measured in operating WSASs. This study is not presented in 
this chapter. Rather, it is detailed in Appendix F, Site-Scale Modeling Using HYDRUS 2-D.  

 
 0.000  0.012 0.002  0.004  0.006  0.008  0.010

 
Figure 6-2 
Steady-State Phosphate Concentrations in the WSAS (mg/mL) for a Mature (Biozone 
Present) System 
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Additional Models Applied 

Virus Fate and Transport 

In concert with this project, a series of experiments were conducted to elucidate the 
transport-fate of bacteria and virus during wastewater renovation in WSASs. Information on the 
attachment and inactivation/die-off behavior gathered in the laboratory using material and 
temperatures representative of field conditions (Harvey 1997; Van Cuyk et al. 2001; Navigato 
1999; and Loveland et al. 1996) is summarized in Table 6-1. Information related to the effects of 
daily hydraulic loading rates and methods, effluent quality, temperature, pH, and organic carbon 
on virus removal, inactivation rates, and transport are presented in Appendix B, Pathogen 
Transport-Fate Studies (see also Van Cuyk 2003; Van Cuyk et al. 2004; and Van Cuyk and 
Siegrist 2004). 

Table 6-1 
Calculated Inactivation Rates (-ki) for Viruses Observed Here and Reported by Other 
Investigators Under Various Conditions 

Researcher Porous 
Media? 

Temp
(C) 

Rates 
(-ki) (day-1) 

Virus Comments 

Reddy et al. (1981) Yes and 
No 

 0.04–3.69 many Compilation of data 

Bertucci et al. (1974) No 12 2.21 echovirus 11 Anaerobic digestion 

Bertucci et al. (1974) No 12 2.53 MS-1 Anaerobic digestion 

Larkin et al. (1976) Yes 12(?) 0.1 poliovirus Soil flooded with 
inoculated,  
non-chlorinated secondary 
effluent 

Navigato (1999) No 5 0.022 PRD-1 Contaminated groundwater 

Navigato (1999) No 5 0.056 PRD-1 Radiolabeled phage 

Navigato (1999) No 5 0.083 MS-2 Contaminated groundwater 

Navigato (1999) No 5 0.093 MS-2 Radiolabeled phage 

Yates (1995) No 4 0.018–0.15 MS-2 Groundwater 

Powelson et al. (1990) No 4 0.041 MS-2 Groundwater 

Powelson et al. (1993) No 7 0–0.092 MS-2, PRD-1 Groundwater 

Schijven et al. (1999) No  0.12 PRD-1 Groundwater 

Schijven et al. (1999) No  0.030 MS-2 Groundwater 

Van Cuyk et al. (2001) medium 
sand 

18 0.26–1 PRD-1 Wastewater, too little MS-2 
breakthrough to measure 
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Table 6-1 
Calculated Inactivation Rates (-ki) for Viruses Observed Here and Reported by Other 
Investigators Under Various Conditions (Cont.) 

Researcher Porous 
Media? 

Temp
(C) 

Rates 
(-ki) (day-1) 

Virus Comments 

Van Cuyk (2003) No 23 0.0336 PRD-1, pH 5 AGWb 

Van Cuyk (2003) No 23 0.0552 PRD-1 pH 7 AGW 

Van Cuyk (2003) No 23 ~0a PRD-1, pH 9 AGW 

Van Cuyk (2003) No 23 0.02688 MS-2, pH 5 AGW 

Van Cuyk (2003) No 23 ~0a MS-2, pH 7 AGW 

Van Cuyk (2003) No 23 ~0a MS-2, pH 9 AGW 

aNot enough virus breakthrough to quantify removal rate 
bArtificial groundwater at pH 7. 

Static columns and two bacteriophages, MS-2 and PRD-1, were used as surrogates for human 
pathogenic enteric viruses. The removal of viruses in non-disinfected wastewater effluent 
released into the subsurface may depend almost completely upon the permanent attachment of 
viruses to subsurface solids and/or their inactivation due to strong intersurface forces occurring 
during reversible or intermittent attachment. Models that are utilized to predict the transport of 
viruses must include the loss of virus from soil solution or groundwater due to the attachment 
based on the physical and chemical properties of the soil and the groundwater. Laboratory 
experiments were conducted to examine the effect of temperature, pH, and the presence of 
organic carbon on virus attachment behavior using small, static mini-columns that are filled with 
medium sand that has been used previously in laboratory studies (Van Cuyk et al. 2001; Van 
Cuyk 2003). In addition, the effects of different porous media, and various carrier solutions 
(artificial groundwater [AGW], and STE) on the removal of viruses at the infiltrative surface 
were investigated. This work involved a novel unsaturated column assembly used to simulate the 
infiltrative surface by applying a vacuum to simulate underlying unsaturated soil, which allowed 
for the collection of percolate samples immediately below the infiltrative surface. Detailed 
discussion related to experimental design and results is presented in Appendix B, Pathogen 
Transport-Fate Studies. 

Using the data from the static mini-column experiments, a simple model was used to gain an 
understanding of the importance of the infiltrative surface in the overall removal of viral 
surrogates in porous media biofilters. This spreadsheet model assumes first-order removal and 
divides the porous media filter into two sections. The first is the infiltrative zone (IZ), estimated 
at a 4-cm depth and the second is the vadose zone (VZ) at 56 cm (for a total soil depth from 
infiltrative surface to groundwater of 60 cm). Sand was used in these simulations to enable 
comparison to data collected in previous Colorado School of Mines (CSM) laboratory studies.  
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Additional Models Applied 

Simulations were run using STE or AGW as the applied effluent with effluent dosing at 
5 cm/day and initial virus concentrations of 1 × 107 plaque forming units (PFU)/100 mL. 
Average retention time (t), in hours, in each soil zone was calculated using the following 
equation: 

 t = (L*Ne)*(ISU)/(q) Equation 6-1 

where L is length of soil including infiltrative surface and vadose zone, Ne is effective porosity 
(v/v), ISU is infiltrative surface utilization (fraction utilized), and q is application rate (cm/hr). 

The importance of the vadose zone in the early period of operations is illustrated from the Run 1 
(AGW) results (Figure 6-3). An increased importance of the IZ on the removal of MS-2 and 
PRD-1 with time of operation is also illustrated. High total removal (4 log and higher) is 
achieved in these systems by week eight of operation, with most of this removal occurring in the 
IZ. Results from Run 2 (STE) show that by week eight a 2-log removal of both MS-2 and PRD-1 
is achieved, but the importance of the IZ at this time in the overall removal is less than that of the 
vadose zone (Figure 6-4). These results parallel what was observed in the CSM 3-D lysimeter 
work (Van Cuyk 2003), where initial breakthrough was observed, followed by 4-log removal of 
added bacteriophage following a longer period of operation.  
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Note: 1 × 107 PFU/mL of Virus Added in AGW Dosed at 5 cm/d. IZ = Infiltrative Surface Zone, First 4 cm of 
Depth; VZ = Vadose Zone From 4 to 60 cm Depth 

Figure 6-3 
Virus Removal Simulation Assuming First Order Removal With Respect to Concentration 
With Increasing Time of Operation 
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Note: 1 × 107 PFU/mL of Virus Added in STE Dosed at 5 cm/d. IZ = Infiltrative Surface Zone, First 4 cm of 
Depth; VZ = Vadose Zone From 4 to 60 cm Depth 

Figure 6-4 
Virus Removal Simulation Assuming First Order Removal With Respect to Concentration 
With Increasing Time of Operation 
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Watershed-Scale Models and Comparisons 

As part of this project, a comparative analysis of alternative methods for site-scale and watershed 
scale assessment was completed. To date, two models, BASINS/Soil and Water Assessment 
Tool (SWAT) and MANAGE, have been compared with WARMF. Attributes for comparison 
include model capabilities, setup, calibration, and results. 

Purpose 

A model comparison between the three models is useful to demonstrate how models of varying 
complexity are used for assessing watershed-scale impacts of wastewater pollutants, and also to 
validate the results of the two watershed-scale numerical models. Details on the theory, 
formulation, model set up, and calibration of the SWAT and MANAGE models are presented in 
Appendix G, Watershed Modeling Using BASINS/SWAT and Appendix H, Watershed Modeling 
Using MANAGE. 

Soil Water Assessment Tool (SWAT) 

BASINS is the watershed modeling system promoted by the US EPA, and the software may be 
acquired at no cost. However, BASINS is not a watershed model. Rather, it is a graphical user 
interface and data manipulation software for several hydrology-water quality models (HSPF, 
SWAT, QUAL2E, PFLOW). The BASINS model chosen for this study was SWAT (Neitsch et 
al. 2000). This model was chosen because, like WARMF, it seems well-suited for conducting 
watershed-scale simulations of hydrology and pollutant transport, including pollutant sources in 
the upland portions of a watershed. The other models in BASINS are perhaps more rigorous for 
in-stream processes, but do not simulate upland processes (such as land use, land-climate 
interactions, and other upland processes). For this study, the BASINS graphical user interface 
was not used because it was rather cumbersome compared to the free user-interface provided by 
the SWAT model. Thus, the SWAT user interface was utilized for this study. 

Method for Assessment, Nutrient-loading, and Geographic Evaluation (MANAGE) 

MANAGE is a model that was created by the University of Rhode Island Cooperative Extension 
to be applied in the communities of Rhode Island to aid in assessment and management of 
nonpoint pollution sources and management of water resources (Joubert and Lucht 2000). 
MANAGE has been referred to as a “screening-level pollution risk assessment method” (Joubert 
and Lucht 2000), and it involves three main components: 

• Use of geographic information systems (GIS) to create maps for use in analysis and 
identification of pollutant hotspots 

• Use of watershed characteristics as indicators that can be used to assess the risk that pollutant 
inputs and other factors will lead to an adverse water quality impact 

• Nutrient loading estimates via mass balance calculations 
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Comparison of Model Theoretical Basis 

SWAT is similar to WARMF with respect to the theory and the numerical formulation of the 
hydrology and transport. Specifically, hydrologic and transport processes incorporated in 
WARMF are also generally included in SWAT, but the exact equations for each process may 
differ. For example, there are more than a dozen equations that are considered appropriate for 
estimating evapotranspiration based on temperature, relative humidity, aspect, elevation, plant 
cover, and other factors. SWAT and WARMF use different equations for evapotranspiration. 
However, fundamentally, either equation should work equally well if applied properly. Perhaps 
the most significant difference is that SWAT has a complex formulation for phosphorus transport 
because of SWAT’s origin in agricultural hydrology. Organic and inorganic phosphorus is 
simulated, as well as active and inactive reservoirs of phosphorus, and rate-limited mass transfer 
between the different reservoirs and the water phase. WARMF, on the other hand, uses a 
relatively simple formulation that assumes first-order, equilibrium sorption of inorganic 
phosphorus to soils. This assumption appears to be appropriate for OWS applications (Kirkland 
2001). In addition, this is possibly an advantage for WARMF because it is difficult to manipulate 
the equations in SWAT to simulate the primarily inorganic phosphorus in OWS effluent. 

The theory behind the numerical component of MANAGE differs significantly in nature from 
that of either WARMF or SWAT. Nutrient loading is estimated using a mass balance approach 
(Joubert and Lucht 2000). The mass balance uses a water and nutrient budget to determine the 
nutrient inputs and outputs of a system. Outputs occur as either nutrients entering surface water 
run off or recharge to groundwater. This mass balance is set up in an Excel spreadsheet format. 
Necessary input data can be obtained from available GIS coverages such as soil and land use 
data, population estimates, and number of OWS. The mass balance equation itself was set up 
using values from available data and literature including average annual precipitation, nitrogen 
and phosphorous inputs to surface water, and nitrogen inputs to groundwater. Note that this is a 
simplified mass balance that does not take into account such factors as situations where the per 
acre nutrient loading may be higher than the average, the effects of storm events, other 
pollutants, and nutrient uptake through natural processes (Joubert and Lucht 2000). 

For more information about the theory behind each model, refer to the documentation for each 
model. 

Model Capabilities 

Because the hydrologic and pollutant transport formulations for the SWAT and WARMF are 
similar, the ultimate capabilities of the two models are inherently similar. Both models use a GIS 
format to include publicly-available input and calibration data for the model. However, there are 
some important differences.  
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The primary technical difference between SWAT and WARMF is that WARMF specifically 
incorporates a method to apply STE from an OWS into the shallow subsurface. SWAT does not 
have this option, so the amounts of wastewater pollutants (for example, nitrogen and 
phosphorous) were calculated based on the number of people in each subbasin. This calculated 
mass of pollutant was then applied in the form of fertilizer in the second soil layer (to avoid 
transport of pollutants by runoff, which would not normally influence OWS pollutants). This 
application is problematic because it assumed that natural rainfall percolation infiltrated all the 
wastewater pollutants (Appendix G, Watershed Modeling Using BASINS/SWAT). 

Another important difference between SWAT and WARMF is that WARMF has more 
sophisticated output displays. For example, distribution of loads from different sources can be 
displayed on a watershed map at various locations, and predicted exceedences of some 
water-quality limit or TMDL is displayed in a separate color. Model output from SWAT can be 
manipulated to produce the same data, but external software must be used. 

WARMF can also more easily allow simulation of various hypothetical scenarios. Such 
scenarios might include simulating more OWS due to growth, or reducing OWS-effluent 
pollutant concentrations to simulate use of advanced treatment systems. This varied simulation is 
done in WARMF simply by changing entries on a single screen and re-running the model. In 
SWAT; however, the user must rebuild the model (with respect to hydrologic input, OWS input, 
and other factors) each time a different scenario is simulated.  

Finally, WARMF includes two separate modules that are extremely useful for watershed 
managers. One module performs TMDL calculations and assessments, allows the user to test 
various scenarios of load reduction, and helps the user choose the best approach to meet assigned 
TMDLs. WARMF also includes a module for stakeholder involvement. In this module, contact 
information for all stakeholders can be entered, as well as a means for various stakeholders to 
choose or recommend various options. Both modules are easy to use via a Windows-based 
environment. Because of these modules, WARMF is a more complete watershed management 
tool. 

The three components of MANAGE provide screening-level risk assessment capabilities. 
Hotspot mapping enables locating areas that are at a high risk for pollutant impacts and 
identifying locations of certain risk factors. In addition, qualitative pollutant risks can be 
compared as watershed indicators. While indicators do not quantify pollution effects, the risk 
from a pollutant input or physical stress that could adversely affect water quality can be 
compared. Finally, nutrient loading is estimated using a simplified mass balance.  

Calibration Comparison 

Two measures are used for this comparison: the plot of observed versus simulated streamflow, 
and observed versus simulated phosphorous concentrations. Both comparisons are for the 
location on the Blue River just before it enters Dillon Reservoir.  

6-11 



 
Additional Models Applied 

Systech Engineering completed calibrations for WARMF, while CSM completed SWAT 
calibrations. Because the numerical component of MANAGE differs significantly in nature from 
that of either WARMF or SWAT, a comparison using MANAGE was not completed. 

Figure 6-5 shows the WARMF streamflow calibration. Figure 6-6 shows the SWAT calibration. 
Both model calibrations are exceptionally good for watershed-scale streamflow predictions, 
particularly for the stream location that is farthest downstream. The WARMF calibration does a 
better job of matching the receding flows, while the SWAT calibration is somewhat better at 
matching peak flows. However, this outcome was primarily a choice for the modeler because 
both peak flows and receding flows could not be simulated with precision. Based on this 
comparison, there is essentially no difference between the results of the two different models.  

 
Figure 6-5 
WARMF Simulated and Observed Stream Flow for Blue River Above Dillon Reservoir 
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Figure 6-6 
SWAT Simulated and Observed Stream Flow for Blue River Above Dillon Reservoir 
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Figure 6-7 shows the phosphorous calibration for SWAT, and Figure 6-8 illustrates the 
comparison between SWAT and WARMF. Figure 6-7 is shown separately to enable a better 
inspection of SWAT results for a phosphorous calibration. The calibration is not excellent for 
either simulation. However, the results are similarly good for the two models. In addition, while 
the results for both models are probably not good enough to predict future concentrations of 
phosphorous, the models could certainly be used to evaluate different management scenarios.  
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Figure 6-7 
SWAT Simulated and Observed Phosphate at Blue River Above Dillon Reservoir 
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Figure 6-8 
Comparison of WARMF and SWAT Phosphate Concentrations for the Blue River Above 
Dillon Reservoir 
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Model Availability 

BASINS/SWAT is available free of charge from the US EPA (Office of Water, Office of Science 
and Technology). Free documentation on theory and use of the model is included. MANAGE is 
available free of charge from University of Rhode Island. WARMF may be obtained from the 
model developers, Systech Engineering (San Ramon, California). Presently, Systech Engineering 
performs model setup and calibration for most applications of WARMF. Consulting fee costs for 
Systech Engineering to deliver a calibrated watershed model typically range between $75,000 
and $350,000 depending on the size of the watershed. Once the WARMF application has been 
calibrated, Systech Engineering provides training on how stakeholders can use the model to 
simulate various management scenarios. There are no licensing fees or restrictions on its usage 
and distribution. 

Resource Requirements 

Application of the WARMF and BASINS/SWAT models to the Dillon Reservoir watershed 
required approximately one year of effort for a hydrologic modeler working at about 30% effort. 
WARMF must be obtained from the developer under a consulting contract. However, personnel 
with limited technical background can then use it to test various management scenarios.  

SWAT software can be obtained free of charge. However, a trained hydrologic modeler is 
required to apply and run the model for a given situation. If a consulting firm were hired to 
construct the SWAT model, it is anticipated that the end costs for both models would be similar. 
In fact, because SWAT would require a professional modeler for management-scenario 
simulations, the cost of SWAT could be significantly greater if many scenarios are desired. If the 
watershed stakeholders already employ a trained hydrogeologist with modeling experience, then 
SWAT might be more cost effective, but the modeler would be taken away from his typical 
duties (which are presumably considerable if he or she is in full-time employment with the 
watershed entity).  

MANAGE is also available at no cost, but a GIS expert with some knowledge of soils and 
water-quality is required to implement it. Fortunately, most counties in the US and all large cities 
typically employ a GIS specialist. 

High-end computational computers are required to run BASINS/SWAT and WARMF. A 
practical requirement is 1 GB of RAM, 1 GHz speed, and a relative large memory capacity (30 
GB minimum required). For MANAGE 500 MB of RAM, 400 MHz, and 30 GB hard-drive 
memory are recommended minimum requirements 

Comparative Model Summary 

Summaries of model features, attributes, and selection features of the models (WARMF, 
BASINS/SWAT, and MANAGE) that were used in this project are presented in Table 6-2 
through Table 6-4. 
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Additional Models Applied 

Table 6-2 
Summary of Model Attributes 

Model 
Attributes 

WARMF BASINS-SWAT MANAGE 

Model 
Configuration 

Self-contained decision 
support system with 
dynamic watershed model, 
data module, and 
decision-support tools.  

Graphical user interface 
and data manipulation 
software for several 
hydrology-water quality 
models including SWAT. 

Planning-level, watershed-
scale tool that couples GIS 
mapping with a simple, 
Excel-based nutrient load 
calculation.  

Important  
Model Inputs 

Land use, meteorology, 
DEM data. 

Land use, meteorology, 
DEM data, soils data. 

GIS data for soils and land 
use, population estimates, 
and number of OWS. 

Hydrology 

 
 
 
  
 

Dynamic water balance; 
simulates physical 
processes of snow, soil, 
and surface hydrology; 
uses Manning’s equation 
for kinematic wave routing 
of flow in rivers; diversions 
can be specified to remove 
water from or add water to 
a river segment. 

Soil Conservation Service 
runoff method for surface 
hydrology; directly 
simulates saturated flow; 
unsaturated flow between 
layers indirectly modeled 
with depth distribution of 
plant water uptake and 
soil water evaporation; 
storage routing or the 
Muskingum river routing 
method. 

Uses precipitation data 
coupled with amount data 
on impervious surface, 
land use, and soil to 
calculate vertical infiltration 
and runoff. However, does 
not account for subsurface 
storage or movement of 
groundwater and 
associated constituents. 

Water Quality Dynamic mass balance in 
soil solution and in rivers; 
simulates build up and 
wash off of pollutants on 
soil surface; calculates 
nutrient cycling, sediment 
transport, chlorophyll-a, 
pesticides and fecal 
coliform bacteria. 

Mass balance of 
nutrients, pesticides, 
plant uptake, fertilizer 
application; nonpoint 
loadings of sediment and 
nutrients are determined 
using USGS linear 
regression equations or 
buildup and washoff 
methods. 

Pollutant hotspots 
identified with GIS maps; 
water quality impact 
assessed based on 
watershed characteristics; 
nutrient loading estimates 
via simplified mass 
balance calculations 
based on literature data for 
precipitation and nutrient 
input to surface water and 
groundwater. 

OWS Loading Simulates up to three 
types of OWS; loading is 
input to soil layer after 
processing by biozone 
module. 

No explicit mechanism for 
simulating OWS loading. 

No discrete OWS 
calculation, estimates 
impact based on GIS data. 

Time Scale Continuous simulation; 
daily time step; output in 
daily time series and 
average loading rates 
(kg/d). 

Continuous simulation; 
daily time step; daily, 
monthly or yearly output 
available. 

Average annual mass 
balance. 
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Additional Models Applied 

Table 6-3 
Summary of Model Features 

Model Features WARMF BASINS-SWAT MANAGE 

Graphical User 
Interface (GUI) 

GIS-based map, 
spreadsheet data 
module, graphical model 
output with statistical 
analysis, self-contained 
modeling tool. 

GUI-based map; input 
dialogs; text output 
requiring external post 
processing. 

ArcView GUI linked with 
Excel spreadsheets. 

Decision Support 
System 
Capabilities 

Modules for TMDL 
calculation and 
stakeholder consensus 
building; easy to run 
alternative scenarios. 

Limited; difficult to 
generate alternative 
management scenarios; 
no guidance for 
consensus or TMDLs. 

GIS maps provide 
screening leveling 
information. 

Documentation/ 
Help 

Technical 
documentation; user’s 
manual; and context 
sensitive help system. 

User’s manual; input 
definitions in GUI; tech 
support from USDA-ARS; 
user’s forums on email. 

Documentation available 
from the initial use of 
MANAGE at 
http://www.edc.uri.edu/
cewq/manage.html. 

GIS Capability Can import ArcView 
shapefiles (DEM, land 
use). 

Uses an ArcView GUI; 
can import ArcView 
shapefiles (DEM, land 
use). 

Can interface with ArcInfo 
to obtain information from 
relevant ArcInfo files. An 
interface with ArcView is 
in progress. 

 
Table 6-4 
Summary of Model Selection Criteria 

Model Selection 
Criteria 

WARMF SWAT MANAGE 

Scale Small subwatershed up 
to large watershed 
system; resolution 
determined by available 
DEM data. 

Small subwatershed up to 
large watershed system; 
resolution determined by 
available DEM data. 

Cannot delineate 
subwatersheds, but if 
subwatershed 
delineations are available 
(from another model), 
MANAGE can be run for 
each subwatershed. 

OWS 
Management 
Questions Model 
Can Answer 

Benefit of converting 
existing OWS to 
centralized sewers; 
potential impact of 
growth in region; benefit 
of advanced versus 
standard OWS. 

Relative impact of OWS 
on water quality; difficult 
to develop alternative 
management scenarios. 

Screening level pollution 
risk of OWS. 
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Additional Models Applied 

Table 6-4 
Summary of Model Selection Criteria (Cont.) 

Model Selection 
Criteria 

WARMF SWAT MANAGE 

Resources 
Required to  
Apply Model 

Approximately 4–6 man-
months of time to set up 
and calibrate 500 sq 
mile watershed. 

Approximately 4–6 man-
months of time to set up 
and calibrate 500 sq mile 
watershed. 

Approximately 1–2 man-
months of time depending 
on the availability of GIS 
data. 

System 
Requirements 

1 GB of RAM, 1 GHz 
speed, 30 GB hard drive 

1 GB of RAM, 1 GHz 
speed, 30 GB hard drive; 
ArcView application also 
required; Spatial Analyst 
is helpful but not required.

500 MB of RAM, 400 
MHz speed, and 30 GB 
hard drive. ArcView of 
Arc Info application also 
required. 

Previous 
Applications 

Small and large 
watersheds throughout 
US 

Small and large 
watersheds throughout 
US 

Site-specific application 
to Wickford Harbor, RI. 

Model 
Limitations and 
Simplifying 
Assumptions 

Complex model; multiple 
OWS lumped within 
single catchment. 

Complex model; does not 
explicitly model OWS. 

Simple model; does not 
handle dynamic nature of 
watershed. 

Data 
Requirements 

High High Moderate 

 

Model 
Availability 

Front-end effort by 
model developers 
required; model turned 
over to user with no 
licensing restrictions; 
calibration performed by 
hydrologic modeler; 
scenarios created and 
run by end user with 
minimal modeling 
experience. 

Public domain from US 
EPA or USDA-ARS; a 
trained hydrologic 
modeler is required to 
apply model, calibrate, 
and run alternative 
scenarios. 

Public domain from URI; 
requires GIS expert with 
soils and water-quality 
knowledge to implement. 
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7 STAKEHOLDER AND USER PERSPECTIVES 

Water quality has been extensively monitored and studied in the primary watersheds of Summit 
County, Colorado for over two decades. As a result of declining water quality in Dillon 
Reservoir during the early 1980s, extensive improvements were made to several WWTP that 
discharge into Dillon Reservoir. These treatment upgrades rapidly improved water quality in the 
reservoir in terms of nutrient loading. However, as rapid growth has occurred throughout the 
subsequent decades, nutrient levels, in particular phosphorous, have continued to creep toward 
regulatory limits established by the Colorado Water Quality Control Commission. As the major 
point source dischargers have continued to contribute very low levels of phosphorous to overall 
Dillon Reservoir nutrient loads, other contributors to phosphorous loading have been identified. 
Several local studies have attributed the largest percentage of anthropogenic non-point source 
phosphorous loading in the reservoir to OWS systems scattered throughout the watershed. 

OWS are used by approximately 12% of the residences in the Dillon Reservoir watershed. Rapid 
development throughout the 1990s has increased local interest in understanding the contribution 
of OWS to nutrient loading and other water-quality impacts within the watershed as well as at 
the sub-watershed level. 

WARMF Has Stakeholder Appeal 

Development of the WARMF application for OWS appealed to potential Summit County 
water-quality stakeholders for many reasons. Many areas currently served by OWS are under 
pressure by contiguous sanitation districts to extend sanitary sewers. The expense of such 
infrastructure development projects concerns many residents and public officials in terms of the 
cost benefit of sewering versus upgrading existing OWS. Others question the benefits of 
sewering in light of little understood public-health or water-quality risks associated with 
continued use of OWS. 

Most areas that are facing pressure to construct sewer systems are served by private water wells. 
Little is understood about the water quantity impacts of sewering areas and moving wastewater 
miles away from its source. Public water systems are often not available to these areas and would 
be cost prohibitive to property owners to develop or extend from existing facilities. 

7-1 



 
Stakeholder and User Perspectives 

Summit County officials also desire to better understand more about water-quality impacts of 
OWS related to high-density development areas. Many of these areas are served by OWS and 
drinking water wells. Many of the more established, densely developed OWS are in valley 
bottoms either close to or in floodplains with shallow wells that draw from alluvial aquifers.  

Information is needed as to anticipated human-health and water-quality risks that may be created 
by development of OWS in these areas. Interest exists in utilization of the engineering and 
consensus-building modules for addressing community decisions around use of OWS versus 
central sewer service. 

Although a few individual studies have been conducted in the watershed, the cumulative 
non-point source phosphorous loading contributed by OWS is not clearly understood nor agreed 
upon by local water-quality stakeholders. Also, little is clearly understood about the actual 
contribution of failed OWS to phosphorous and other contaminant loading in the watershed. 
Furthermore, little is understood about the relative differences between water-quality impacts of 
different types of OWS. Useful tools are currently unavailable to compare costs of various 
wastewater alternative solutions at the subdivision level. In addition, since the same research 
group has conducted most water quality studies surrounding OWS impacts, concerns have been 
raised about potential biases. Community interest exists in comparing the findings of the 
WARMF model to the Lake Dillon Model regarding the relative contribution of phosphorous to 
Dillon Reservoir. 

Summit County officials look forward to the opportunity to investigate many of the community 
issues surrounding the continued use of OWS in various watersheds. WARMF provides useful 
tools for water quality professionals to concerned citizens to make informed decisions about 
these issues. Lcal officials hope that use of the model will be intuitive and the findings of various 
scenario applications will contribute significantly to ongoing, productive public process 
concerning the continued use and management of OWS in the future. 
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8 SUMMARY, CONCLUSIONS, AND 
RECOMMENDATIONS 

This project encompassed an extensive array of experimental work, field monitoring, and 
modeling efforts in order to quantify the site-scale processes and watershed-scale cumulative 
effects of decentralized wastewater systems. Numerous conclusions have been reached based on 
the findings of the research. Specific conclusions of individual research efforts are presented in 
the preceding chapters and subsequent appendix sections. 

Summary and Conclusions 

In summary, for common OWS, quantitative understanding of site-scale processes has been 
improved and site-scale models and decision-support tools have been developed and tested in 
this project, including the: 

• Development of cumulative frequency distributions (CFDs) for OWS source concentrations 
and loads and values for nutrient transport/fate parameters based on literature data 

• Development of fundamental understanding of bacteria and virus transport/fate in soil-based 
OWS through a series of experimental studies 

• Initial development and testing of a new experimental design methodology based on 
life-cycle acceleration of soil-based OWS 

• Application of HYDRUS 2-D to soil-based OWS to enable site-scale scenario analyses 
regarding hydraulic and purification performance 

• Initial development and testing of a Biozone Algorithm to describe the biozone development 
in a soil-based OWS and the hydraulic and purification performance of that OWS 

Site-scale quantitative understanding and mathematical modeling can provide insight into the 
process function and performance of an OWS and enable design and interpretation of 
experimental studies and the extrapolation of data collected in those studies to other conditions. 
Modeling can also help answer questions such as those posed in Table 1-1 regarding how 
changes in siting, design, and operation can affect OWS performance with respect to hydraulic 
and purification efficiencies. 

For larger-scale applications of individual OWS, which can occur within a watershed, 
watershed-scale assessment and mathematical modeling can enable an evaluation of the effects 
of OWS compared to other pollutant sources in a watershed.  
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Summary, Conclusions, and Recommendations 

Assessment and modeling approaches can facilitate minor and major decision-making regarding 
infrastructure alterations and land-use planning based on their environmental effects (positive or 
negative) and the relative benefits/costs of different actions being contemplated.  

A major focus of this project was on refinement, application, and testing of an existing 
watershed-scale model, Watershed Analysis Risk Management Framework (WARMF), which 
has been modified to include explicit representation of OWS of different performance features, 
an integrated Biozone Algorithm, and CFDs for source concentrations and transport/fate 
parameters. 

As demonstrated in this project for the Blue River basin of the Dillon Reservoir watershed, the 
water-quality effects of OWS were simulated using WARMF and compared to a water-quality 
dataset generated during the project. Simulations were also completed to assess realistic 
decision-making scenarios concerning wastewater infrastructure in the watershed and to 
determine the comparative effects on water quality.  

In addition to the work with WARMF, the BASINS/SWAT model was setup, calibrated and 
applied to the Dillon Reservoir watershed. Compared to WARMF, the BASINS/SWAT model 
does not explicitly account for OWS, is less efficient in running scenario analyses, and does not 
include modules for TMDL analysis and stakeholder consensus building. In terms of setup and 
application to a given watershed, both models will require considerable resources either in the 
form of the upfront purchase price for a setup and calibrated model (WARMF) or for the 
consultant or in-house labor costs to setup, calibrate, and run a public domain model 
(BASINS/SWAT).  

In this project, the MANAGE model was also reviewed and applied to the study watershed. 
MANAGE is a comparatively simple geographic information system (GIS)-based vulnerability 
mapping tool to identify potential hotspots and is similar in many respects to mass balance 
calculation approaches that could be formulated and applied to a particular potential problem 
area. 

The environmental monitoring and subsurface characterization efforts of this project were 
focused on developing sufficient understanding of the Dillon Reservoir watershed to enable 
model setup and initial calibration. The water-quality monitoring was focused on surface water 
flow and quality at up to 20 monitoring locations in the watershed. Quality data include routine 
water-quality parameters, wastewater-related pollutants, and some chemical and biological 
tracers. In performing the characterization work we attempted to use limited and potentially 
uncertain data and to assess the reliability of that approach.  

At the watershed-scale in the Dillon Reservoir watershed, compared to urbanized development 
and WWTP discharges, OWS are not a principal source of water pollutants as evidenced by: 

• Source load mass balance calculations 

• WARMF and BASINS/SWAT model simulation results 

• Water-quality monitoring and analysis of spatial and temporal trends 
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Summary, Conclusions, and Recommendations 

Application of a watershed-scale decision-support tool such as WARMF can enable analysis of 
wastewater management scenarios and provide critical insight into the water-quality benefits of 
one management option compared to another. Based on WARMF simulations of different 
wastewater management scenarios in the Blue River basin, extending central sewers and 
conversion of OWS to a central WWTP appears to offer little or no benefit in terms of 
water-quality protection, and in some cases may lead to water-quality degradation. 

Recommendations 

While the research completed during this project has advanced the science and engineering of 
OWS, there are gaps in understanding that further research should attempt to fill. In general, 
there continues to be a need for quantitative understanding to enable proper OWS design to yield 
a desired performance level. Such understanding also enables the design and implementation of 
monitoring devices and methodologies for process control and performance assurance.  

The biozone algorithm developed for WARMF is recommended to be further tested and refined 
based on additional data collected in the laboratory and the field (for example, Mines Park Test 
Site). Laboratory experiments and long-term field testing to measure and assess biomass build up 
and quantification of pollutant removal efficiencies in the biozone and subsurface soil could be 
used to further calibrate the biozone module. Incorporation of a virus constituent into WARMF 
based on the knowledge gained during this study with respect to reaction rates and transport 
mechanisms would be valuable. In addition, it may be beneficial to develop the biozone module 
as a stand-alone piece of software to enable evaluation of individual OWS under specific site 
conditions by homeowners applying for OWS permits and county officials evaluating permit 
applications.  

The methodology and tools developed in this project are recommended to be applied to support 
decision making in Summit County, Colorado and the benefits gained from this decision support 
should be documented and used to assess the benefit/cost of quantitative decision-support such 
as reported herein. In addition, the methods and tools developed in this project should be applied 
and tested for other situations and environmental conditions to determine the extent of 
extrapolation possible.  

Given the scope of the research completed in this project, those components of the work that 
would be most valuable to enabling application to another geographic region of the US for 
watershed-scale management would include: WARMF (and a comparative model) model 
refinement, setup, calibration and simulations, and environmental characterization and watershed 
monitoring.  

Depending on the goals of the research during a similar project in another region of the US, 
additional site-scale testing and experimentation (to generate site-specific input data and 
algorithms for modeling) might also be warranted. 
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10 ACRONYMS, ABBREVIATIONS, AND 
SYMBOLS 

Acronyms and Abbreviations 

AGW Artificial groundwater 

AMD Acid mine drainage 

ANOVA Analysis of variance 

ATU Advanced treatment unit 

BASINS Better Assessment Science Integrating Point and Nonpoint Sources 

BDL Below detection limit 

BOD Biochemical oxygen demand 

BOD5 5-day BOD 

BR Blue River 

BST Bacterial source tracking 

Ca Calcium 

CASNET Clean Air Status and trends Network 

cBOD Carbonaceous BOD 

CFD Cumulative frequency distribution 

CFU Colony forming unit 

Cl Chloride 

COD Chemical oxygen demand 

CSEO Colorado State Engineer’s Office 

CSM Colorado School of Mines 

CSTR Continuously stirred tank reactor 

CZ Clogging zone 

DEM Digital elevation model 
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Acronyms, Abbreviations, and Symbols 

DO Dissolved oxygen 

DOC Dissolved organic carbon 

DSS Decision support system 

DSSAMt Dynamic Stream Simulation and Assessment Model with temperature 

EPRI Electric Power Research Institute 

F Fluoride 

FC Fecal coliform bacteria 

GIS Geographic information system 

GUI Graphical user interface 

GWR Ground Water Rule 

HCO3 Bicarbonate 

HLR Hydraulic loading rate 

HSPF Hydrologic Simulation Program Fortran 

IC Ion chromatograph 

ICP Inductively coupled plasma 

ILWAS Integrated Lake-Watershed Acidification Study 

IR Infiltration rate 

ISU Infiltrative surface utilization 

IZ Infiltrative zone 

K Potassium 

Ks Saturated hydraulic conductivity 

LR Loading regime 

LULC Land use land coverage 

MANAGE Method for Assessment, Nutrient-loading, and Geographic Evaluation 

mg/L Milligrams per liter 

Mg Magnesium 

MGD Million gallons per day 

Mn Manganese 

Mo Molybdenum 

MW Monitoring well 
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Acronyms, Abbreviations, and Symbols 

N Nitrogen 

Na Sodium 

NCDC National Climatic Data Center 

NDWRCDP National Decentralized Water Resources Capacity Development Project 

NO3 Nitrate 

NRCS National Resources Conservation Service 

NWQL National Water Quality Laboratory 

OWS Onsite wastewater system 

P Phosphorous 

PFU Plaque forming unit 

RSF Recirculating sand filter 

SB Soil boring 

SBRWWTP South Blue River wastewater treatment plant 

SC Specific conductance 

SCEH Summit County Environmental Health Department 

SCS Soil Conservation Service 

Sn Tin 

SNOTEL SNOpack TELemetry system 

SO4 Sulfate 

SPE Soil percolate effluent 

Sr Strontium 

STATSGO State Soil Geographic Database 

STE Septic tank effluent 

STORET STOage and RETrieval database (www.epa.gov/storet) 

SWAT Soil and Water Assessment Tool 

SWMM Stormwater Management Model 

SWTR Surface Water Treatment Rule 

TDS Total dissolved solids 

TMDL Total maximum daily load 

TOC Total organic carbon 
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Acronyms, Abbreviations, and Symbols 

TKN Total Kjeldahl nitrogen 

TN Total nitrogen 

TP Total phosphorous 

TS Total solids 

TSS Total suspended solids 

TW Tapwater 

USDA United States Department of Agriculture 

US EPA United States Environmental Protection Agency 

USGS United States Geological Survey 

VZ Vadose zone 

WARMF Watershed Analysis Risk Management Framework 

WC Water content 

WSAS Wastewater soil absorption system 

WWTP Wastewater treatment plant 

Zn Zinc 

Symbols 

A Biozone surface area, cm2 

Bio Biomass of live bacteria in biozone, mg 

b Aquifer thickness, feet or cm 

C Concentration in biozone at time t, mg/L (Equation 4-13) 

C Concentration of the solute in solution equilibrium with the mass of solute  
sorbed onto the solid, mg/L (Equation 4-15) 

Co Concentration in biozone at time t-1, mg/L 

CBOD,in BOD concentration in STE, mg/L 

CBOD BOD concentration in biozone, mg/L 

d(Bio)/dt Live biomass growth rate, mg/s 

dd Aquifer drawdown, feet 

E Evapotranspiration from biozone, cm3 

IP Percolation out of the biozone, cm3 
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Acronyms, Abbreviations, and Symbols 

ISU Fraction of infiltrative surface utilization, unitless 

KD Linear distribution coefficient, L/kg 

Ki First order reaction rate, 1/day 

K1,i Reaction rate coefficient for each constituent i, cm3/s 

Ks Saturated hydraulic conductivity, ft/d or cm/s 

Kv Intrinsic hydraulic conductivity, cm/s 

K1,nitr Nitrification rate coefficient, cm3/s 

K1,denitr Denitrification rate coefficient, cm3/s 

K1,BOD BOD decay rate coefficient, cm3/s 

K1,fecal Fecal coliform bacteria decay rate coefficient, cm3/s 

L Length of soil including infiltrative surface and vadose zone, cm 

Ne Effective porosity, unitless (vol/vol) 

Plaque Biomass of dead bacteria and residue, mg 

Pv Hydraulic conductivity, cm/s 

Q Flow rate of STE into biozone, cm3/s 

q Application rate, cm/hr 

Rresp Respiration of bacteria, mg/s 

Rmort Mortality of bacteria, mg/s  

Rslough Sloughed off bacteria, mg/s 

S Mass solute sorbed per unit dry weight of solid, mg/kg 

SY Sustained yield, gallons per minute 

T Transmissivity, ft2/day or cm2/s 

t Time, s or hr or day 

∆t Time step of (model) calculation, s 

TS Total solids contained in STE, approximately 500 to 600 mg/L 

Z Thickness of biozone, usually approximately 2 cm 

 
α Gram biomass/gram BOD in STE, unitless 

δ Sloughing coefficient 2, unitless 
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Acronyms, Abbreviations, and Symbols 

ξ Field capacity coefficient 2, unitless 

Φ Field capacity coefficient 1, unitless 

φ Mortality rate coefficient, cm3/s 

γ Respiration rate coefficient, cm3/s 

η Sloughing coefficient 1, mg/cm 

θ Moisture content of biozone, unitless 

θf Field capacity of biozone, unitless 

θf,t Field capacity at time t, unitless 

θf,t-1 field capacity at time t-1, unitless 

θt Moisture content of biozone at time t, unitless 

θt-1 Moisture content of biozone at time t-1, unitless 

θs Saturated moisture content of biozone, unitless 

θs,t-1 Saturated moisture at time t-1, unitless 

θsm Porosity of parent soil with zero plaque, unitless 

ρb Density of biomass, mg/cm3 

σ Plaque coefficient for TDS, unitless 

νp Pore velocity = ΣQ/(Aθs), cm/s 
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A INPUT PARAMETERS FOR MODELING FLOW 
AND TRANSPORT IN ONSITE WASTEWATER 
SYSTEMS 

Mathematical modeling is a powerful tool for assessing the impacts of onsite wastewater systems 
(OWS) on water quantity and quality from the single site to watershed scales. However, models 
require input parameters to describe the hydrologic system, wastewater chemical and biological 
concentrations, and pollutant transport parameters. Estimation of hydrologic input parameters 
has long been a topic of the literature. Hydrologic-parameter estimation at large scales is 
uncertain, but national databases exist to help the user define these properties. The recent use of 
geographical information systems (GIS) and remote sensing has greatly facilitated these efforts. 
However, methods to estimate wastewater constituents and pollutant transport parameters are not 
readily available in the literature. Of course, direct measurement is the preferred method; but 
given the spatial and temporal variability in fate and transport parameters at typical modeling 
scales, direct measurement is not always possible. In these cases, it is useful to have a database 
of relevant, statistically supported input parameters to choose from. 

Overview 

The purpose of this section is to present the range, frequency, and median values for selected 
wastewater pollutant concentration and transport parameters. The source of the reported data is a 
thorough literature review. When feasible, cumulative frequency distributions (CFDs) are 
presented. Summary tables with the median values, and often a range of values, are also 
reported. Use of the CFDs for modeling at various scales and for various purposes is discussed. 

First, a summary of OWS effluent concentration values for a variety of system types is 
presented. Second, a discussion is presented regarding the importance of virus on water quality. 
CFDs and tables for nutrient concentrations in septic tank effluent (STE) and transport 
parameters, such as nitrogen reaction rates and phosphorus sorption coefficients, are presented. 
Finally, information on daily flow for residential dwellings is given. 

Effluent Concentrations From OWS 

Table A-1 follows and presents typical OWS effluent concentrations for various types of OWS 
systems. The remainder of this report presents parameters for conventional OWS systems. Few 
parameter values for non-conventional systems are available in the literature. The information in 
Table A-1 might be useful, for example, when conducting hypothetical watershed-scale model 
simulations to assess the effect of installing different types of OWS systems on watershed water 
quality.  



 
Input Parameters for Modeling Flow and Transport in Onsite Wastewater Systems 

 
Table A-1 
Expected OWS Performance for Various System Types 

 BOD TSS TN NH4 NO3 TP F. Coli 
Type Description Reference  (mg/L)  (mg/L)   (mg-N/L)   (mg-N/L)   (mg-N/L)   (mg-P/L)  (cfu/100mL) 

1 Septic   
a       Septic w/ SAS 170 75 70 60 0 10 1.00E+07 
b       Septic w/ SAS Siegrist et al., 2001 140-200 50-100 40-100 5-15 1E6-1E8 
2 Septic w/ N removal 
a       Septic w/ in-tank N removal and SAS 170 80 20 0 20 10 1.00E+06 
b       Septic tank w/ effluent N removal and recycle Siegrist et al., 2001 80-120 50-80 10-30 5-15 1E6-1E8 
c       Septic w/ corrugated plastic trickling filter Ball, 1995 20 10 7.7 2.4 7.1 
d       Septic w/ open-cell foam trickling filter Ball, 1995 18 17 11 5.6 4.1 
3 Septic w/ single pass sand filter 
a       Single pass sand filter Loomis et al., 2001 3-4 1-3 37-39 200-520 
b       Single pass sand filter Ronayne et al., 1982b 3.2 9 30 407 
c       Single pass sand filter Effert et al., 1984 4 17 37.5 14.1 123-1600 
d       Single pass sand filter Darby, J., G. Tchobanoglous, et al., 1996 75.1 29.1 15.5 10.6 0.3 
4 Septic w/ recirculating sand filter 
a       At grade recirculating sand filter Loomis et al., 2001 3-4 3-4 11-16 240-5100 
b       Maryland style RSF Loomis et al., 2001 3-7 4-9 21-40 660-5400 
c       Recirculating sand filter Christopherson et al., 2001 9-14 12-15 24-29 5-6 15-23 6 5.1E4-6.1E4 

5 Constructed wetlands 
a       Septic tank w/ constructed wetland and surface water discharge Henneck et al., 2001 9-44 8-16 16-60 0.4-11 35-1900 
b       Municipal wastewater w/ constructed wetland and surface water disch USEPA, 1993 27 15 
c       Municipal wastewater w/ constructed wetland and surface water disch USEPA, 1993 4.2 0.86 0.24 77 
d       Municipal wastewater w/ constructed wetland   USEPA, 1993 3-12 3-25 0.15-6.43 
e       Municipal wastewater w/lagoon and constructed wetland USEPA, 1993 2.5-9 4-15 0.05-3.9 
6 Biofilters 
a       Waterloo biofilter (plastic media) Loomis et al., 2001 3-54 0-37 10-106 
b       Waterloo biofilter (plastic media) Jowett and McMaster, 1995 16.8 a 5 10.2 5.7 1.9E5 
c       Peat Biofilter Lindbo and MacConnell, 2001 3-6 6-7 1-4.1 0.4-1.5 18-22.1 1.9-4 2.9E2-1.6E3 

          
7 Textile Filter 
a       Recirculating Textile Filter Loomis et al., 2001 6-49 7-25 7-46 580-101000 

b       Foam or textile filter effluent Siegrist et al., 2001 5-15 5-10 30-60 10-1E3 
8 Systems w/ disinfection 
a       Septic, recirculating gravel filter, UV disinfection Crites et al., 1997 0 to <5 4.9 0.4 0 12.2 <2-12.5 b 

a. BOD value for this entry is 7 day BOD 
b. Value is for total coliforms  
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Bacteria and Virus Concentrations 

Viruses of concern are the human enteric viruses, which replicate in the gastrointestinal tract and 
are present in the feces of infected individuals. Most persons have at least one virus infection per 
year, so it is likely that a septic tank system will receive virus-laden wastewater at some time 
over the course of a year (Gerba 2002). Hain and O’Brien (1979) isolated enteric viruses from all 
of the four septic tanks they sampled in New Mexico. One of these septic tanks was positive for 
enteric viruses on five different sampling times occurring over the course of a year. Typical 
concentrations of enteric viruses in septic tank effluent and raw wastewater have been quantified 
at 103 to 104 plaque-forming units (PFU) per 100 mL (Crook 1998; Crites and Tchobanoglous 
1999). The US EPA (2002) states that the number of specific virus (hepatitis, polio, echo, 
coxsackie, coliphage) is in the range of 0–105 PFU/mL, with episodic presence at high levels. 
Coliphage are typically found in STE at approximately the same level (Crook 1998, Crites and 
Tchobanoglous 1999).  

Table A-2 presents a list of human viruses that are potentially present in untreated domestic 
wastewater (Crites and Tchobanoglous 1999, Crook 1998, Feachem et al 1983). Two studies 
have found that infected individuals can excrete from 106 – 108 enteric viruses per gram of feces 
(Tyrrell and Kapikian 1982, Sabin 1955).  

Work by Anderson et al. (1991) showed that approximately 33% of stool samples in one 
subdivision in Florida yielded detectable viral agents. Infected residents in this subdivision were 
found to shed virus for periods in excess of 30 days. A recent study in household wells in 
Wisconsin (Borchardt et al. 2003) found 8% of wells tested to be positive for virus by reverse 
transcriptase polymerase chain reaction (RT-PCR). These wells were positive for Hepatitis A, 
rotavirus, and Norwalk-like virus. These researchers stressed the idea that virus contamination 
can be intermittent and that the vulnerability of a well to viral contamination cannot be 
characterized from a single sample. 

Ward et al. (1986) demonstrated that enteric viruses have an exceptionally low infectious dose 
(unlike many pathogenic enteric bacteria). Their studies conducted with human volunteers 
suggest that ingestion of 1–10 viruses may be all that is needed to induce enteric virus infection. 

Because the cells (hosts) needed for replication of human pathogenic virus are present in low 
concentrations in groundwater systems, long-term transport of virus is often assumed unlikely. 
Keswick et al. (1982) showed that poliovirus, coxsackie virus, and rotavirus survive much longer 
(on the order of weeks to months) in the subsurface environment than had generally been 
assumed. Transport of virus in the vadose and unsaturated zone has been found to be substantial 
(Rose et al. 1999; Keswick and Gerba 1980). However, studies of soil-based wastewater systems 
have demonstrated the high removal efficiency of these systems for virus. Additional 
information related to the effects of daily hydraulic loading rates and methods, effluent quality, 
temperature, pH, and organic carbon on virus removal, inactivation rates and transport are 
presented in Appendix B, Pathogen Transport-Fate Studies (see also Van Cuyk 2003).  
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Table A-2 
Human Viruses Potentially Present in Untreated Domestic Wastewater 

Virus Disease(s) 

Adenovirus (31 types) Respiratory disease 

Enteroviruses (72 types,  polio,  
echo, and coxsackie viruses) 

Gastroenteritis, heart anomalies, meningitis 

Hepatitis A virus Infectious hepatitis 

Norwalk agent Gastroenteritis 

Parvovirus (3 types) Gastroenteritis 

Rotavirus Gastroenteritis 

(Crites and Tchobanoglous 1999; Crook 1997; and Feachem et al. 1983) 

Nutrient Concentrations and Transport Parameters 

Humans generate approximately 13.3 g nitrogen (N) per capita per day (Crites and 
Tchobanoglous 1998). Assuming an average density of 2.4 people per household and one house 
per acre-lot, the annual nitrogen-loading rate from a subdivision is potentially 7,460 kg sq mi-1 
yr-1. In some areas, the housing density is much greater. This value compares to nitrogen loading 
rates of approximately 1,500–3,000 kg sq mi-1 yr-1 from atmospheric deposition (Howarth et al. 
1996) and approximately 25,000–50,000 kg sq mi-1 yr-1 from fertilizer applied to row crop 
agriculture (Keeney 1986). Because of the large amount of fertilizer used in agriculture and the 
large amounts of nutrients deposited by animals in large livestock farms, agriculture’s impact is 
potentially much greater than the impact of onsite systems overall in areas where agricultural 
production is dominant. However, in nonagricultural areas, OWS can be a significant contributor 
to groundwater and potentially to surface water nitrogen loadings. 

Humans generate approximately 3.28 g phosphorus (P) per capita per day in domestic 
wastewater (Crites and Tchobanoglous 1998). Annual phosphorus loading rates from OWS 
depend on several factors, but primarily on OWS density (Gold and Sims 2001). Assuming the 
same population density as in the previous example with nitrogen, the annual 
phosphorus-loading rate from a subdivision is potentially 1,840 kg sq mi-1 yr-1. This compares to 
phosphorus loadings of less than 256 kg sq mi-1 yr-1 from atmospheric deposition, approximately 
1,280 kg sq mi-1 yr-1 from maintenance fertilization of lawns, and 2,560 to 38,400 kg sq mi-1 yr-1 
as fertilizer or manure in agricultural production systems (Gold and Sims 2001).  
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 Methodology 

Data related to OWS nutrient concentrations in STE and nutrient transport and transformation 
parameters were collected from studies published in the literature. This data is presented in detail 
in Kirkland (2001). Summary tables of compiled data, including the median, range, and number 
of data gathered for each OWS parameter, are presented in this report. These data were used to 
create CFD diagrams. CFD diagrams may be used to estimate the proportion of the members of a 
population whose measured values exceed or fall short of some stated level. CFD diagrams were 
created for STE concentrations of nitrogen and phosphorus, nitrification rates, denitrification 
rates, and linear sorption isotherm constants for phosphorus (P). While P is known to precipitate 
as well as sorb, particularly under suitable electrochemical conditions, too few data were found 
in literature sources to include phosphorus precipitation parameters using the CFD methodology. 
The cumulative frequency as a percentage is presented on the vertical axis of the CFD diagrams 
and the upper limits of the STE concentration or the nutrient transformation rate constant is 
presented on the horizontal axis. Data points represent values obtained or calculated from data 
gathered from literature sources. Trend lines are presented as solid lines. For this report, median 
values and other percentile values that were obtained from the CFD plots are derived from the 
trend lines or interpolated between particular data points.  

The data used to construct these CFD diagrams were obtained from numerous literature sources. 
These sources used various experimental methodologies and data-reporting styles. For example, 
some studies report an average value of many samples collected in one study. In other papers, 
only one value is collected and reported. In other studies, only a range of measured values was 
given. For this type of report, the median value was used for inclusion into the CFD. If multiple 
data were given for a single site (for example, different sampling times), the value reported or 
calculated as the median of the data was used. 

In the literature, nitrogen (N) species in STE were not consistently reported as N concentrations 
(that is, ammonium-nitrogen [NH4-N], nitrate-nitrogen [NO3-N]). However, for this study, all 
nitrate (NO3

-2) concentrations are reported as N-equivalent concentrations based on molecular-
weight ratios. In some cases, total Kjeldahl nitrogen (TKN) was reported in lieu of total N. 
Because nitrates and nitrites generally comprise a legible fraction of total N, TKN was assumed 
to be a satisfactory estimate for total N. Nitrogen and denitrification rates were reported in 
varying units. Sometimes a zero-order rate was reported (such as mg N per kg soil per day), 
which was converted to first-order rate constant units (1/day) using the reported soil properties. 
When necessary, a soil particle density of 2.65 g/cm3 and porosity of 40% were assumed for this 
conversion. 

Reported STE phosphorus concentrations were sometimes ambiguous. While phosphate 
concentrations were generally reported as total phosphorus (TP) or phosphate-phosphorus  
(PO4-P), concentrations were also reported as PO4

-3, and P. PO4-P is the phosphorus 
concentration due only to phosphate. Whether values reported as P represented PO4-P or TP was 
often unclear. Because 85% to 90% of TP in STE is usually considered to consist of the 
phosphate form (Wilhelm et al. 1994; Correll 1998; Willman et al. 1981), all concentrations 
reported simply as P, with no explanation, were assumed to represent PO4-P concentrations for 
this study.
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To obtain consistent phosphorus concentration parameters, PO4
3- and TP concentrations are 

converted to PO4-P concentrations. When TP is reported, the PO4-P concentration is assumed 
equal to 0.85 TP. Reported phosphate (as PO4

-3) concentrations are converted to PO4-P 
concentrations (as P) based on molecular-weight ratios. PO4-P concentrations (or the 
concentration of PO4

3-
 as P) in STE are less than the concentrations of PO4

3- by a factor of 
approximately three.  

Nitrogen Concentrations and Transport Parameters 

Common forms of inorganic nitrogen associated with wastewater include ammonium (NH4
+),  

NO3
-2, nitrite (NO2

-), and nitrogen gas (N2). Nitrogen present in fresh wastewater is contained 
primarily in protein-rich matter and urea. Decomposition by bacteria readily changes organic N 
to ammonium in the septic tank (Crites and Tchobanoglous 1998). Approximately 75 to 85% of 
the TKN (organic N plus ammonium) consists of NH4

+ in STE (Kirkland 2001). Table A-3 
summarizes the data collected in this study, as well as average values reported by the Onsite 
Wastewater Treatment Systems Manual (US EPA 2002). Data from Anderson et al. (1994) was 
the source of the nitrates and phosphates data reported by US EPA (2002).  

Nitrogen Concentrations 

Nitrogen concentrations in STE vary depending on the wastewater generation and water use at 
the source, especially over time due to changing water-use practices. Keeney (1986) reported the 
total nitrogen concentration of typical effluent from a septic tank ranges from 50 to 70 mg N L-1, 
about 75% as ammonium and 25% as organic nitrogen. Crites and Tchobanoglous (1998) 
reported similar values with organic nitrogen in STE ranging 20 to 40 mg N L-1 and NH4-N 
ranging 30 to 50 mg N L-1. US EPA (2002) cites ranges of 40 to 100 mg L-1 for total nitrogen 
and 0.01 to 0.16 mg L-1 for NO3-N for typical residential wastewater. These specific data from 
the EPA study could not be obtained. Therefore, the STE nutrient pollutant concentrations 
provided herein present an independent evaluation using more data. However, the average value 
of each constituent from this EPA study (Table A-3) is included as one data point for this study’s 
analysis. In addition, the EPA (2002) evaluation does not present the data in a CFD as is done for 
this study. These CFD diagrams are useful for planning, designing, and modeling, as will be 
discussed in more detail later.  

As shown in Table A-3, this study’s recent compilation of data relates to STE concentrations 
from operating OWS range from 17 to 178 mg N L-1 for NH4 and 9.5 to 15 mg N L-1 organic N. 
NO3-N concentrations are much lower, as is expected since nitrification would not transform 
NH4 to NO3 in the anaerobic conditions of the septic tank. Surprisingly, the range and median of 
NH3 concentrations reported in the literature is larger than the total N concentrations. However, 
STE concentration data for these two species were generally derived from different sources. 
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Table A-3 
Summary of N and P Concentrations in STEa,b,c. 

Concentration (mg/L) 
Pollutant 

Median Range Number of 
Data 

Average Value from 
US EPA (2002) 

Total N (mg N L-1) 44 12–453 18 44.2d 

Organic N (mg N L-1) 14   9.4–15  6 e 

Ammonium (mg N L-1) 60 17–178 37 e 

Nitrate (mg N L-1) 0.2   0–1.94 33  0.04 

Phosphate (mg P L-1) 9.0      1.2–21.8 35 8.6f 

a N and P data sources: Kirkland (2001), Robertson et al. (1998), Robertson and Blowes (1995), Wilhelm et al. 
(1996), Wilhelm et al. (1994), Robertson and Cherry (1992), Sherman and Anderson (1991), SSWMP (1978), 
Harkin et al. (1979), Brown et al. (1977), Robertson et al. (1991), Reneau et al. (1989), Cogger et al. (1988), 
Whelan (1988), Crites (1985), Willman et al. (1981), Kristiansen (1981), US EPA (2002), Viraraghavan and 
Warnock (1976), Magdoff et al. (1974), Otis et al. (1973), Walker et al. (1973), Ronayne et al. (1982a), Ayres 
Assoc. (1993, 1996), Otis (1978) 

b N data sources: Converse (1999), DeSimone and Howes (1998), Harman et al. (1996), Bowne (1982), Pell and 
Nyberg (1989) 

c P data sources: Fischer (1999), Ptacek (1998), Zanini et al. (1998), Harman et al. (1996), Robertson (1995), 
Nagpal (1986), Reneau (1979), Lance (1977), Reneau and Pettry (1976) 

d NH4 plus organic N (n = 11) 

e not reported 

f total P (n = 11) 

Figure A-1 illustrates a CFD diagram for NH4-N concentrations in residential STE based on data 
compilation from this study. CFD diagrams were not created for NO3-N or NO2-N because STE 
concentrations are generally negligible and are thus not generally reported in detail. Data for 
organic N was not sufficient to construct a CFD. 

Due to nitrification in the vadose zone, OWS can generate NO3-N concentrations at the water 
table from 25–80 mg N L-1 in most situations, even though NO3-N concentrations in STE are 
usually less than 2 mg N L-1 (Gold et al. 1999). Conversely, NH4-N concentrations at the water 
table are most often low, if any NH4-N reaches the water table at all (Robertson et al. 1998). The 
US EPA drinking water standard for NO3-N is 10 mg N L-1 (US EPA 2000). The European 
Union groundwater standard for NO3 is 50 mg-NO3/L (11.3 mg-N/L). Considering many 
residences serviced by OWS also draw their water from onsite drinking water wells, N 
contributions from OWS may have local groundwater impacts in some areas, as well as potential 
impacts to groundwater and surface-water loadings in the watershed. 
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Figure A-1 
Cumulative Frequency Distribution for NH4-N Concentrations in Domestic STE 

Dilution may play a part in reducing nitrogen concentrations in the short term. Groundwater will 
normally provide some dilution, but mixing is not always efficient and plumes of higher 
concentrations will exist (Converse 1999). In a study of two groundwater NO3 plumes in sand 
aquifers (Cambridge and Muskoka sites in central Canada) that originated from wastewater 
sources, Robertson et al. (1991) found exceptionally low transverse and longitudinal dispersivity 
leading to well-defined NO3 plumes in groundwater. Furthermore, even though nitrogen 
concentrations may be reduced through dilution, mass loadings are not. As the density and aerial 
extent of unsewered development grows, the dilution capacity of undeveloped lands is 
diminished (Gold et al. 1999). Therefore, dilution as the primary means of reducing nitrogen 
concentrations is not always a practical long-term solution. To assess these problems in a more 
rigorous fashion, mathematical models may be used. Other transport parameters for nitrogen, 
such as degradation rates, are also necessary, and are discussed in detail in the following section. 

Nitrogen Transport and Transformation 

Processes affecting the fate and transport of N from OWS include nitrification and 
denitrification. Nitrification is the process whereby ammonium (NH4

+), the primary constituent 
in STE is converted to NO2

-, and then to NO3
-2. However, the conversion to NO2

- is so rapid that 
nitrification can be assumed to occur in a single step (NH4

+ to NO3
-). Nitrification has been 

described using zero-order (Equation A-1a or Equation A-1b) and first-order (Equation A-2) 
reactions. During denitrification, NO3

-2 is converted to N2. Denitrification rates are typically 
described using first-order reactions (Equation A-3). Reaction rate constants reported in literature 
sources are summarized in Table A-4. 

 µ=
∂
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where the parentheses indicate molar concentrations of the enclosed chemical species (mol/L) , 
k1 and k2 are first-order rate constants (days-1), µ is the zero-order rate constant reported on a 
molar basis (mol L-1day-1), µ′ is the zero-order rate constant reported on a ammonium mass basis 
(mg L-1day-1), and MNH4 is the molecular weight of ammonium (18,000 mg/L).  

Table A-4 presents a wide range of reaction rates for nitrification. This wide range is due to the fact 
that reported nitrification or denitrification rates for OWS were sparse, and because rates were also 
tabulated from studies of nitrification in natural soil, and not specifically OWS. With the wide 
range of values reported, selecting a single value for a nitrification rate is difficult. Field 
observations of onsite systems have shown little, if any, ammonium reaches the groundwater 
below an OWS infiltration trench. This observation should be taken into account when evaluating 
the adequacy of a nitrification rate to be used in modeling efforts. Figure A-2 is a CFD of 
first-order nitrification rates summarized from literature sources. Due to the large variability of the 
limited literature data, nitrification rates cannot currently be distinguished by soil type. 

Table A-4 
Summary of Nitrification and Denitrification Rates Reported in Literature Sourcesa. 

Process/Reaction Order Median Range Number of Data 

Nitrification—Zero-order, µ′ (mg L-1day–1) 264 156–1464  7 

Nitrification—First-order, k1 (day–1) 2.9 0.0768–211.2 19 

Denitrification—First-order, k2 (day–1) 0.025 0.004–2.27 53 

a Geng et al. (1996), Cho (1971), Ling and El-Kadi (1998), Yamaguchi et al. (1996), Starr et al. (1974), Starr and 
Gillham (1993), Misra et al. (1974), Ardakani et al. (1974a, 1974b), Lind (1983), Slater and Capone (1987), 
Anderson (1998), Trudell et al. (1986), Smith and Duff (1988), Bengtsson and Annadotter (1989), Francis et al. 
(1989), Obenhuber and Lowrance (1991), Smith et al. (1991), Ekpete and Cornfield (1965), Christensen et al. 
(1989), Bradley et al. (1992), Tesoriero et al. (2000). Smith et al. (1996), Lawrence and Foster (1986), Korom 
(1992), Hiscock et al. (1991).  

Denitrification is possible both at anaerobic microsites in the vadose zone and in anaerobic 
groundwater when an available source of carbon is present. However, while many studies have 
been performed on NO3

-2 removal in the subsurface via denitrification, it is still neither well 
understood nor well quantified. First-order denitrification rates vary widely in literature sources. 
No zero-order rates were found in the literature to describe denitrification. The first-order reaction 
rates for denitrification summarized in Table A-4 are presented in a CFD in Figure A-3. Due to the 
large variability in literature data, denitrification rates could not be segregated by soil type. 
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Figure A-2 
Cumulative Frequency Distribution for First-Order Nitrification Rate 
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Figure A-3 
Cumulative Frequency Distribution for First-Order Denitrification Rate 

 

A-10 



 
Input Parameters for Modeling Flow and Transport in Onsite Wastewater Systems 

 Phosphorus Concentrations and Transport Parameters 

Phosphorus in domestic wastewater is derived generally from human waste and synthetic 
detergents, although modern detergents contain minimal P. 

Phosphorus Concentrations 

Concentrations of P in STE will vary according to the type of source, volume of wastewater 
generated, and the extent of synthetic detergent use. Concentrations of P normally found in OWS 
effluent (1 to 22 mg P L-1) much exceed the lower P concentrations (0.01 to 0.10 mg P L-1) that 
have been observed to stimulate algae growth in aquatic environments (Gold and Sims 2001). 
The majority of P in wastewater is in the form of soluble orthophosphate (PO4

3-). The 
orthophosphate form is considered the most hazardous in the environment due to its abundance 
and the availability for biological metabolism without further breakdown. P in organic molecules 
and polyphosphates is hydrolyzed to PO4

3- in the septic tank (Wilhelm et al. 1994), contributing 
to the high percentage of total phosphorus (TP) as orthophosphate (PO4) in STE. Orthophosphate 
equaling 85% of TP in STE is often reported to be a typical value, although values ranging from 
76% to over 95% have been measured (Magdoff et al. 1974; Wilhelm et al. 1994; Correll 1998; 
Willman et al. 1981). 

Table A-3 summarizes P concentrations in STE reported in various literature sources (Kirkland 
2001). The PO4-P concentrations reported in Table A-3 are consistent with values reported by 
the US EPA (2002) of 5–17 mg TP L-1. However, the design manual does not present the 
frequency distribution of reported P concentrations in STE. Figure A-4 presents a CFD diagram 
for P concentrations in domestic STE created from data summarized in Table A-3. 
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Figure A-4 
Cumulative Frequency Distribution for PO4-P Concentrations in STE 
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Increasing public awareness in the 1960s of the adverse effects of P over-enrichment of surface 
waters led to various actions by political units, detergent manufacturers, and consumers to limit 
the use of phosphate in detergents (Hem 1992). Phosphate detergent bans went into effect in the 
mid- to late-1980s in many states. An overall decreasing temporal trend in STE phosphate 
concentrations in available STE data from the 1970s to the present was observed in the data 
collected for this study. Based on data collected in papers published in the decade of 1970 to 
1980, the range of reported PO4- P concentrations for this decade was 5.5 to 21.8 mg/L with an 
average of 13.1 mg/L. In the 1980s, the reported range was 2.1–20.6 mg/L with an average of 
11.1 mg/L. Finally, in the 1990s, the reported range was 1.2–14.2 mg/L with an average of 8.4 
mg/L. 

Phosphorus Transport and Transformation 

Most OWS rely on chemical processes such as sorption and precipitation during vadose zone 
percolation to prevent P from entering the groundwater and eventually discharging to surface 
waters. The effectiveness of soils and underlying aquifer materials in attenuating P movement to 
subsurface and surface waters depends upon a number of factors including the soil chemical and 
physical properties, the chemical properties and loading rate of the wastewater, site hydrology, 
proximity of the site to surface waters, and the design and management of the OWS (Robertson 
et al. 1998; Gold and Sims 2001). Mechanisms for P transformation related to OWS systems 
have not been fully elucidated, although Robertson (1995) provides a good review of what is 
known about P transformation mechanisms. Sorption of P in soils is well documented and is 
often thought to be associated with metal-oxide minerals that can possess a positive surface 
charge at typical pH ranges, allowing sorption of the anionic phosphate. Some researchers have 
suggested a two-stage attenuation process with an initial reversible reaction representing 
sorption, and an irreversible reaction that causes loss of P from the aqueous phase, which is 
sometimes considered to represent precipitation of sparingly soluble phosphate minerals 
(Robertson 1995). Several phosphate minerals have been suggested as controls on phosphate in 
natural waters. Most of these mineral phases involve iron, although calcium and aluminum may 
also be important (Robertson and Blowes 1995).  

Sorption has been described in many ways. Kirkland (2001) summarizes linear, and nonlinear 
(Freundlich and Langmuir) P sorption isotherms reported in numerous literature sources. P 
sorption isotherms could not be separated specifically by soil type, with the exception of 
maximum sorption capacity, which was often reported in studies where no isotherm was 
measured. The first isotherm to be discussed is the linear isotherm. The low concentrations of P 
found below an OWS infiltrative surface are often in the linear range of reported nonlinear 
isotherms. In addition, the amount of data available is often insufficient to justify a more 
sophisticated approach, thus the linear sorption isotherm is the most widely used in hydrologic 
models (Drever 1997). A linear isotherm is represented by the equation: 

  Equation A-4 CKS D=

where S is the mass of solute sorbed per unit dry weight of solid (mg kg-1), C is the concentration 
of the solute in solution in equilibrium with the mass of solute sorbed onto the solid (mg L-1), 
and KD is linear distribution coefficient (L kg-1). 
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KD values were obtained directly from those reported in literature sources or calculated from 
reported or assumed aquifer porosity and bulk density properties of the soil material and the 
reported retardation factor using the following equation: 

 D
b

f KR
φ
ρ

+=1  Equation A-5 

where ρb is the dry bulk density of the aquifer solids (g cm-3) and φ  is the aquifer porosity 
(dimensionless).  

Studies that reported retardation factors were generally obtained from wastewater-derived 
plumes in saturated zones. Sorption parameters for unsaturated soil were not generally specified 
in the literature. However, the KD values are theoretically independent of the water content, 
provided the soils in the unsaturated and saturated zones are similar. A major limitation of the 
linear sorption isotherm is that it does not limit the amount of solute that can be sorbed onto the 
solid (Fetter 1999). This assumption is clearly not physically realistic, as there must be an upper 
limit of the amount of solute that can be sorbed to a given solid particle. However, this 
assumption is often appropriate because low aqueous concentrations in groundwater may not 
supply enough chemicals to saturate sorption sites, particularly for non-continuous plumes. 

The Freundlich sorption isotherm is a more general description of sorption and may be described 
by the general equation: 

  Equation A-6 NKCS =

where K and N are empirical constants. Freundlich isotherms are nonlinear and usually obtained 
through empirical fits to experimental data. As with the linear isotherm, a major limitation of the 
Freundlich isotherm is that there is no upper limit to the amount of solute that could be sorbed 
for N>1. However, for N<1, an asymptotic limit may be approached. For N=1, the Freundlich 
isotherm reduces to the linear sorption isotherm where K=KD.  

The Langmuir sorption isotherm is a more complex sorption isotherm. The Langmuir sorption 
isotherm incorporates the assumption that a finite number of sorption sites exist on a solid and 
may be described by the equation:  

 
βαβ
C

S
C

+=
1  Equation A-7 

where α is an adsorption constant related to the binding energy (L mg-1) and β is the maximum 
amount of a solute that can be absorbed by the solid (mg kg-1) (Fetter 1998). Because the 
Langmuir isotherm can simulate maximum adsorption capacity, it is probably the most rigorous 
and potentially accurate isotherm for P sorption. Maximum sorption capacities for soils reported 
in literature sources are summarized in Table A-5. Maximum sorption capacities of soils were 
not reported in many studies. Note that the maximum soil capacities could be used for the beta 
parameter in the Langmuir expression (Equation A-7). 
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Table A-5 
Summary of Maximum P Sorption Capacities by Soil Type From Literaturea 

Soil Concentration (mg/kg) 
Soil Type 

Median Range Number of Data 

Sandy Loam 405 116–1640 13 

Sand    40 15–1368 12 

Not Specified  220 0–17,600 13 

All Soil Types  237 0–17,600 38 

a Hill and Sawhney (1981), Harman et al. (1996), Nagpal (1986), Childs et al. (1974), Tofflemire and Chen 
(1977), Fischer (1999).  

A Langmuir-type or Freundlich-type nonlinear isotherm is generally best overall for modeling 
phosphate sorption, as they both can account for limited sorption capacities in soils. However, if 
the range of P concentrations present in onsite wastewater systems are within the initial linear 
portion of a nonlinear isotherm, a linear isotherm may adequately describe phosphate sorption, 
especially over a watershed-scale application. An advantage to using the linear sorption isotherm 
is that it may be described by only one parameter, whereas Freundlich and Langmuir isotherms 
require two parameters each. Use of the linear sorption isotherm is the simplest method of 
representing P sorption, and is thus advantageous when implementing sorption into an already 
complex hydrologic model.  

The linear range of the nonlinear isotherms in the literature varies from less than 1 mg P L-1 to 
10 mg P L-1. This variability is likely due largely to varying soil types and P solution 
concentrations used in the isotherm experiments. Another limitation of the Langmuir data 
located in the literature is the limited overall range of the isotherm. Some of these isotherms only 
represent concentrations of P that are less than 1 mg P L-1. These data may be misinterpreted as 
linear when a nonlinear isotherm would be more appropriate over a larger range of 
concentrations. 

There was insufficient data to allow a rigorous evaluation of the nonlinear-isotherm fitting 
coefficients (except for maximum sorption capacity). For this reason, and because linear 
isotherms are the most widely used in hydrologic models (the range of P concentrations below 
OWS are often in the linear range of nonlinear isotherms), nonlinear isotherms were transformed 
to linear isotherms to obtain equivalent KD values. An equivalent “linearized” sorption 
coefficient may be obtained from a nonlinear isotherm by an integral transform approach 
presented by van Genuchten (1974) and also used by Neville et al. (2000). This method was 
employed over the concentrations of P typically seen in onsite systems. For concentrations of P 
from 0 to 10 mg P L-1, the linearized sorption coefficient, KD

 l, is defined by:  

  Equation A-8 ∫ ∫=10
0

10
0 dCCKCdcK N

f
l
D
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Values of the linear distribution coefficient, KD, reported in literature sources or calculated from 
data presented in the literature, including reported linear values as well as transformed values, 
vary from 1.4 to 478 L kg-1 (see Table A-6).  

Table A-6 
Summary of Linear Sorption Isotherm Constants (KD) for P From the Literaturea 

P Linear Sorption  
Isotherm Constant (L kg-1) Median Range Number of Data 

Reported directly in the literature  2.7 1.4–7.3 3 

Calculated from retardation factor  7.9 3.9–20.4 6 

Calculated from a nonlinear isotherm  35.8 6.2–478 9 

All methods 15.1 1.4–478 18 

a Robertson and Harman (1999), Lee et al. (1998), Robertson et al. (1998); DeCamargo et al. (1979),  
Sawhney and Hill (1975). 

Some linear sorption isotherm coefficients summarized in Table A-6 were reported directly in 
literature sources. Other coefficients were back-calculated from a reported retardation factor 
obtained from field measurements using Equation A-5, or were “linearized” from a nonlinear 
isotherm (van Genuchten 1974) using Equation A-8. Note that precipitation, and not just 
sorption, may have contributed to the “solid-phase” P concentrations attributed solely to sorption 
in the research results summarized in Table A-6. However, it was not possible to separate the 
contributions of these two mechanisms.  

The median STE concentration of P is approximately 10 mg P L-1. A linear sorption isotherm for 
P may not appear to be appropriate at the OWS site scale, such as in the vadose zone below the 
effluent delivery system, based on isotherm data presented in this study. However, dilution of P 
in the soil below the OWS will occur quickly (McCray et al. 2000), and thus P concentrations in 
the soil solution and groundwater are likely to be considerably less than 10 mg/L. In addition, in 
the literature sources reviewed, P concentrations in the groundwater are reported to be less than 
1 mg P L-1. This factor is probably due to sorption, dilution, and dispersion in the unsaturated 
soil water and groundwater. Consequently, the use of a linear sorption isotherm for OWS 
applications is recommended.  

All P sorption data were collected from studies related to wastewater sources as well as studies 
concerned with P sorption to soils in non-wastewater-related systems. Only studies of P sorption 
in the subsurface soils were reviewed. No studies of P sorption in river or lake sediments were 
examined. Figure A-5 presents the P sorption isotherm data in a cumulative frequency 
distribution diagram.  
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Figure A-5 
Cumulative Frequency Distribution for Linear Sorption Isotherm Constants in Soil and 
Groundwater Sediments 

As described previously, precipitation is another process known to affect P fate and transport in 
the subsurface. Precipitation is often lumped into the sorption isotherm or ignored in modeling 
efforts. However, several attempts to model precipitation as a first-order decay reaction have also 
been attempted. Mansell et al. (1977a,b) examined two types of first-order irreversible 
precipitation or chemical immobilization terms and concluded a finite sink term would have been 
more appropriate in their study than the infinite sink term they used. Enfield et al. (1981) used a 
first-order mass-loss term. Several studies (Shutter et al. 1994, Lee et al. 1998, and McCray et al. 
2000) have used a first-order decay-type term to account for precipitation, while also considering 
reversible sorption. Although several studies regarding P precipitation exist in the literature, 
reported rate constants or mass-law constants are not reported for most cases. Precipitation 
depends greatly on groundwater chemistry as well as soil type. Thus, an attempt to generalize 
precipitation parameters was not attempted for this project.  

P deposition in soil below an infiltrative surface can be modeled as a zero-order mass loss from 
the aqueous phase to the soil phase. In this model, P is deposited in the soil, independent of the 
soil water concentration, until some maximum soil concentration is reached. This type of mass 
transfer would be consistent with irreversible sorption or precipitation. However, the analysis 
provided in the following section indicates that a traditional sorption isotherm approach is 
probably more appropriate. 

Zanini et al. (1998) reported zones of P enrichment below the wastewater infiltrative surface at 
four OWS sites in central Canada. These authors reported typical PO4-P concentrations of 
approximately 800 mg kg-1 soil in zones of enrichment 0.75 to 2.25 m in depth. However, these 
enrichment zones were not continuous due to preferential flow processes occurring in the 
subsurface. 
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In a long-term laboratory study, Hill and Sawhney (1981) observed enriched P zones of 
approximately 400 mg kg-1 within 30 cm of the infiltrative surface. Concentrations of PO4-P 
observed in uniform zones, generally within 20–50 cm of the infiltrative surface, were 
approximately 1.36 kg P m-3 of soil (or approximately 850 mg P per kg soil assuming a dry soil 
bulk density of 1.6 g cm-3). Therefore, for this analysis, a median enrichment depth of 1.5 m for 
the preferential flow dominated zones described above, and a uniform high-P concentration 
depth of 0.5 m were assumed.  

Next, a comparison was made of this soil loading with the typical P emitted by an OWS system. 
Assuming a median PO4-P concentration in STE of approximately 10 mg P L-1, and the flow and 
population densities described earlier (260 liters/capacity/day [Lpcd] and 2.4 people per 
household), an OWS will generate approximately 22.8 kg PO4-P over a 10-year period. 
Considering an OWS infiltrative surface area of 1.4 m2, this mass of PO4-P would result in a 
uniform high-P soil concentration zone of depth equal to 11.9 m. This depth would be 35.8 m if 
preferential flow is dominating at the same density assumed previously. Accordingly, if only 
irreversible sorption or precipitation processes are occurring, the high-P concentration zones in 
soil are expected to be much deeper than 2 meters, which is reported in the literature. 
Furthermore, a modeling study conducted by McCray et al. (2000) demonstrated that high P 
concentrations in soil would develop within 1 m below the infiltrative surface if only reversible, 
linear, equilibrium sorption were considered (assuming soil P concentrations similar to those as 
reported in the literature—see Appendix F, Site-Scale Modeling Using HYDRUS 2-D). This 
aspect suggests that reversible sorption processes are appropriate for simulating P retention in 
soil below the OWS infiltrative surface. 

Wastewater Flow 

In a study conducted by Mayer et al. (1999) water use from 1,188 homes at 12 study sites (95 to 
100 homes at each of the 12 locations) across the USA were logged. Based on this study, the 
indoor water use by site ranged from 57.1 to 83.5 gallons/capacity/day (gpcd) with a mean of 
69.3 gpcd (standard deviation for indoor water use was 39.6 gpcd) and the outdoor water use by 
site ranged from 54.0 to 63.8 gpcd with a mean of 60.5 gpcd. A summary of the flow rate 
information from this study is presented in Table A-7 and a CFD is presented in Figure A-6. 
Table A-8 summarizes domestic STE flow rate information gained from four studies.  
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Table A-7 
Residential Wastewater Flows 

Avg. Home 
Indoor Q (gpcd) 

Value From 
Figure A-6 (%) 

Adj. Value to 
Yield 100% (%) 

Avg. Home 
Indoor Q (gpcd) Cumm. Value (%) 

0 0 0 0 0.0 

10 0.15 0.1 10 0.1 

20 1.2 1.2 20 1.3 

30 5.1 5.1 30 6.4 

40 10.5 10.5 40 16.9 

50 16.8 16.7 50 33.6 

60 16.3 16.2 60 49.9 

70 13.6 13.6 70 63.4 

80 9.4 9.4 80 72.8 

90 7.7 7.7 90 80.5 

100 5.6 5.6 100 86.0 

110 3.6 3.6 110 89.6 

120 2.8 2.8 120 92.4 

130 2.8 2.8 130 95.2 

140 1 1.0 140 96.2 

150 0.8 0.8 150 97.0 

160 0.2 0.2 160 97.2 

170 0.5 0.5 170 97.7 

180 0.3 0.3 180 98.0 

190 0.2 0.2 190 98.2 

200 0.3 0.3 200 98.5 

>200 1.5 1.5  100.0 

 100.35 100.0   

(US EPA 2002 as modified from Mayer et al. 1999) 
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Figure A-6 
Cumulative Frequency Distribution of Mean Residential Indoor Water Use 

 
Table A-8 
Average Daily Wastewater Flows Based on Indoor Water Use Monitoringa 

Study 
Number of 

OWS 
Systems 

Study 
Duration 
(Months) 

Average Flow 
(L/ person/ day) 

Range of 
(L/person/day

Anderson and Siegrist (1989) 90 3 268.0 249.4–289.9 

Anderson et al. (1993) 25 3 191.9 98.9–322.5 

Brown and Caldwell (1984) 210 20 250.6 216.9–276.3 

Mayer et al. (1999) 1188 1 262.3 216.1–316.1 

a Not based on wastewater flow monitoring. Assumes all water used indoors becomes wastewater. 

Often, attempts to quantify the cumulative effects of OWS on water quality require calculations 
of mass loadings, which are accomplished by multiplying a concentration by a flow rate. For 
example, a goal might be to model the potential for P pollution of a sensitive small wetland near 
an OWS that serves a family of four. For this extreme case, one may wish to be highly 
conservative and assume a high flow rate of 300 L/day per person and the 90th percentile 
concentration of 19 mg/L in a modeling effort, which would represent a mass loading of 
22.8 grams per day. For this scenario, a conservative 10th percentile KD value of 5 L/kg might 
also be used in this model.  
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If a Langmuir isotherm is used, then a low maximum sorption capacity might also be used. 
However, for a watershed-scale simulation, a reasonable assumption is that the average input for 
each home can be estimated using 50th percentile values for all of the parameters 
(250 L/person/day, P concentration of 9 mg/L, mass loading of 9 g/day, KD of 15 L/Kg, 
maximum sorption capacity of 237 mg/kg).  

Combining factors such as flow rate and concentration, however, at a conservative level for each 
for example, 90th-percentile frequency) results in a mass loading that is more conservative than 
the 90th percentile suggests. In such a situation, perhaps combining a median flow rate value and 
a 90th percentile concentration value, or other similar combinations, would provide a more 
appropriate, yet still conservative result. A user should choose values based on his or her 
particular goal.  

Summary 

In this study, OWS source, fate, and transport data were gathered from literature sources 
including data on nutrient concentrations in STE, nitrification rates, denitrification rates, and 
phosphorus sorption and precipitation data. CFD diagrams were constructed from 
literature-reported data for nitrogen and phosphorus STE concentrations, first-order nitrification 
rates, first-order denitrification rates, and linear sorption isotherm constants for phosphorus. The 
purpose of these CFD diagrams is to serve as a tool in selecting appropriate water quality input 
parameters for analysis and modeling of OWS nutrients because limited data exists in the 
literature for estimating model-input parameters.  

The CFD plots may be useful for applying mathematical models to assess the influence of OWS 
systems on water quality. A 90th percentile value may be used, for example, as a very 
conservative (high-concentration) estimate for a single home or a small group of homes. This 
estimate might be useful when trying to determine OWS-separation distance from a local 
drinking water well or other surface-water body, or if contamination in a well is due to the OWS 
system. However, as the number of individual homes being considered increases (to more than 
five or ten), the average parameter value approaches the 50th percentile value, thus providing a 
better estimate for larger subdivisions or small communities. If an enhanced-treatment system is 
used, such as an intermittent sand filter for example, then values smaller than the 50th percentile 
values could be assumed for an OWS source concentration.  

Data is generally not available for quantifying nitrification and denitrification of nitrogen or 
sorption and precipitation of phosphorus in the subsurface based on soil type or soil-related 
parameters. Relatively few studies were found that quantified nitrification rates specifically for 
OWS, although nitrification is known to be a dominant process in OWS. Although many studies 
have been reported on denitrification in the subsurface, the factors affecting denitrification and 
the variability of reported denitrification rates vary extensively.  
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A high level of inconsistency was found to exist in the reporting methods for phosphorus 
concentrations and P sorption-isotherm data. Based on analysis of linear and nonlinear sorption 
isotherm data for P and comparison to typical P concentrations in soil below OWS, a linear, 
reversible, equilibrium isotherm is recommended to represent sorption of P from OWS at the 
watershed scale. This method is recommended because of its simplicity, and because of lack of 
more detailed data on other P reaction mechanisms for OWS. Some attempts to describe 
phosphorus (P) precipitation in the subsurface with a first-order decay-type loss term have been 
made. However, the rate coefficient and its dependence on soil geochemical conditions have not 
been adequately quantified. The issue of phosphorus precipitation needs to be examined further 
through a continued literature search and laboratory work to support quantification of P 
precipitation. Also, geochemical modeling could be performed with data collected from a field 
site to provide a better understanding of P sorption and precipitation processes. The data used in 
this study were gathered from varying literature sources that spanned over approximately 30 
years of research and used differing methodologies and reporting styles. Therefore, careful 
consideration when using these results for engineering applications is recommended. 
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B PATHOGEN TRANSPORT-FATE STUDIES 

Infiltration and percolation of wastewater through soil is relied on to renovate and polish 
partially treated wastewater and produce a percolate quality that does not contaminant 
groundwater and cause adverse public health or environmental impacts. The removal of 
pathogenic bacteria and virus is often of critical concern due to the public health implications 
should these organisms reach groundwater at high concentrations and contaminate drinking 
water supplies. Depending on the source concentration of virus, up to a 12-log removal of 
viruses must be achieved from the “toilet to tap” in order ensure an annual risk of infection of 
less than 1:10,000. 

In concert with this project, a series of experiments were conducted to elucidate the 
transport-fate of bacteria and virus during wastewater renovation in wastewater soil absorption 
systems (WSASs). This appendix describes a series of experiments including a description of the 
methods employed and the results observed. Further details regarding the work described herein 
may be found in Van Cuyk (2003), Van Cuyk and Siegrist (2004), and Van Cuyk et al. (2004). 

Purification of Bacteria and Virus in WSASs: One-Dimensional Column 
Study 

More than 25% of the US population and 35% of all new development is served by onsite and 
small-scale wastewater systems, the majority of which rely on percolation of primary treated 
effluent through soil to achieve purification prior to recharge to the groundwater (US EPA 1978, 
1980, 1997, Jenssen and Siegrist 1990, Crites and Tchobanoglous 1998). This practice is 
increasingly being scrutinized since there are over 25 million systems in operation, with the 
number increasing, and over 100 million people are served by drinking water systems using 
groundwater as the source water.  

Human pathogens are known to exist in sewage effluents and the removal of pathogens is 
essential in preventing contamination of groundwater and drinking water sources. Attempts to 
exploit the benefits of decentralized system approaches have resulted in innovations in design 
approaches and technologies that are emerging at a growing rate. Alternative designs are being 
promoted that employ advanced pretreatment to reduce the suspended solids and biochemical 
oxygen demand and thereby enable increased hydraulic loading rates (HLRs) to soil (10-fold 
increase HLR). While such practices may be sound based on hydraulics, purification of 
pathogens (bacteria and virus) has not been proven. 
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Much work has been conducted on the transport of viruses and other pathogens in the 
groundwater environment, both at the laboratory and field scales. However, limited 
investigations have been conducted to elucidate the transport of virus through WSASs, that is, 
through the infiltrative surface and the vadose zone into the underlying groundwater.  

Nicosia et al. (2001) conducted a field investigation on the removal of PRD-1 in infiltration cells 
dosed with wastewater located at a research station in Florida. These researchers found PRD-1 
attachment to be reversible, with slow desorption of the phage over time.  

Many factors have been shown to be important in the removal of viruses in the subsurface. These 
include the virus type and characteristics of the grain surface and solution chemistry such as: pH, 
organic matter content, and presence of surface active agents (Bales et al. 1991, Loveland et al. 
1996, Navigato 1999). Understanding the impact of organic matter on the fate of pollutants is 
important since the source of viral contamination is frequently sewage-derived organic matter. 
The importance of organic matter on the fate of viruses is not completely understood and 
contradictory results have been presented in the literature. Some research suggests that organic 
matter may increase the attachment of virus on soil due to the adsorption to mineral surfaces on 
the soil grains and perhaps adding hydrophobic sites (Bales et al. 1991, 1993; Zerda et al. 1985; 
and Navigato 1999). Other research suggests a decrease in the attachment of virus to surfaces 
with increased organic matter (Burge and Enkiri 1978; Gerba et al 1981; Pieper et al 1997; Ryan 
et al 1999; and Sobsey et al. 1980). These studies present the theory that the organic matter is 
absorbed to mineral surfaces on the soil grains and both blocks attachment sites and adds 
electrostatic repulsion by reversing the surface charge, which results in increased viral transport.  

The work described herein focuses on the role of the infiltrative surface and the vadose zone of 
WSASs on the removal of virus. Effluent composition and loading rate impacts on the 
development of the clogging zone and virus fate were also studied using one-dimensional (1-D) 
sand-filled columns. Previous and forthcoming papers describe the operation, water quality 
characteristics, and numerical modeling of the flow regime (see Appendix C, Biozone 
Development and WSAS Performance: Column Studies, and Beach 2001; Lowe et al. 2005; and 
Beach et al. 2005). The research presented in these papers was used to refine the relationship 
between infiltration rate response and cumulative mass loading of total biochemical oxygen 
demand (tBOD) and total suspended solids (TSS). A comparison of infiltration rate responses in 
aggregate-laden versus aggregate-free systems and an assessment of the role of aggregate on the 
loss of infiltration rate and the magnitude of an equilibrium rate was also conducted (Beach et al. 
2005). 

Materials and Methods 

This section provides detailed information regarding the materials and methods used in the 1-D 
column study on the role of the infiltrative surface and the vadose zone of WSASs on the 
removal of virus. 
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Column Preparation and Operation 

Sixteen 1-D columns were constructed from clear acrylic pipe, 15 cm in diameter and 75 cm in 
length with 30 cm extensions to allow for additional space above the infiltrative surface(see 
Figure B-1). Each column was packed with moist sand (approximately 5.5% water by weight,  
d10 = 0.22 mm, d60 = 0.60 mm, total organic carbon (TOC) = 0.017 dry wt %) in 5 cm lifts. This 
sand was the same medium sand as used in previous lysimeter studies (Van Cuyk et al. 2001). 
For eight of the columns, after the final lift was added, a layer of washed gravel (nominal 2 cm 
diameter) was placed on the scarified surface and dry sand was used to fill the void in spaces 
with additional gravel added to a height of 10 cm above the soil surface. This arrangement was 
done to simulate gravel embedment, which is known to occur in WSASs. 

Wastewate
r effluent 

Holding 
container for 
outflow 

Overflow (if any)

15 
cm

Clear, acrylic column 

Porous 
medium

60 
cm 

 

Wastewater 
effluent 

Pea Gravel 
Support

Outflow 

Note: Columns were cloaked with black plastic to prevent algae growth 

Figure B-1 
Schematic of 1-D Column Apparatus 

Columns were operated under various loading regimes (Table B-1) to simulate different field 
conditions. All columns received septic tank effluent (STE) for 138 days and were monitored for 
hydraulic properties and purification performance. Monitoring of water quality included 
sampling and analysis of the STE applied to the columns as well as the percolate outflow from 
each column. Sampling and analysis of the applied STE was conducted during three separate 
days each week. The STE used in this study was typical of residential STE and was collected 
from a multifamily student housing unit located in Golden, CO. Sampling and analysis of the 
percolates from the columns was conducted at least once every two weeks, with more frequent 
sample collection and analysis during initial operation and during tracer tests. 
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Table B-1 
Experimental Conditions for the Column Operation 

Loading 
Regime Column Infiltrative Surface 

Character Design HLR1 Loading Rate 
Representative of… Loading Method Features Effluent 

Applied 

1A, 1B Gravel-Free 
LR1 

1C, 1D Gravel-Laden 

200 cm/d 

35.36 L/d per column 

Random gravity in a serial 
distribution trench network 

Continuous delivery at  
24.56 mL/min STE 

2A, 2B Gravel-Free 
LR2 

2C, 2D Gravel-Laden 

100 cm/d 

17.68 L/d per column 

Random gravity in a trench 
network with distribution 

Continuous delivery at  
12.28 mL/min STE 

3A, 3B Gravel-Free 

LR3 

3C, 3D Gravel-Laden 

50 cm/d 

8.84 L/d per column 

Dosed, non uniformly 
distributed between orifices 

Dosed 4x/d at 8, 12, 4, 8 hr. 

12.5 cm/dose or 2.20 L/dose 

1.10 L/min for 2 min 

STE 

4A, 4B Gravel-Free 

LR4 

4C, 4D Gravel-Laden 

25 cm/d 

4.42 L/d per column 

Uniform distribution between 
orifices 

Dosed 4x/d at 8, 12, 4, 8 hr. 

6.25 cm/dose or 1.10 L/dose 

1.10 L/min for 1 min 

STE 

LR5   5A, 5B Gravel-Free
50 cm/d 

8.84 L/d per column 

Sand filter effluent,  
non-uniformly dosed 
between orifices 

Dosed 4x/d at 8, 12, 4, 8 hr. 

12.5 cm/dose or 2.20 L/dose 

1.10 L/min for 2 min 

SPE2 

     1 Actual daily loading rates were 65 to 82% of the design rate (see Appendix C). 
2 SPE = soil percolate effluent, consisting of the combined percolate from LR3 and LR4 columns. 
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Percolate samples were collected from the outflow containers by pouring percolate from the 
container into precleaned 250 mL plastic bottles. All samples were labeled and stored at 4 °C 
until analysis. All laboratory analysis of the percolate samples was performed within 24 hours of 
sample collection.  

To evaluate laboratory analysis methods, 10% duplicate sample analyses were performed. The 
following characteristics were determined following standard methods: (APHA 1998) 

• pH was measured electrometrically 

• Alkalinity was measured (total alkalinity) via titration with sulfuric acid according to APHA 
method 2320B 

• Carbonaceous biochemical oxygen demand (cBOD5) was measured according to APHA 
method 5210B 

• Chemical oxygen demand (COD) analysis was performed using a Hach reactor digestion, 
colorimetric method (Hach 1998, US EPA-approved) 

• Total solids (TS) and TSS were measured according to APHA methods 2540B and 2540D 

• Total nitrogen (TN) was measured by persulfate digestion, nitrate nitrogen by chromotropic 
acid method, and ammonia nitrogen by salicylate method (Hach 1998, US EPA-approved) 

• Total phosphorus (TP) was measured according to EPA acid persulfate method (US EPA 
365.2)  

• Fecal coliform analysis was performed by membrane filtration according to APHA method 
9222D 

In addition to the 16 columns described previously, two gravel-free columns were constructed 
following the same procedure. These columns, 5A and 5B, received the combined percolate from 
the LR3 and LR4 columns (designated soil percolate effluent [SPE]) at a design loading rate of 
50 cm/day in four doses (same dosing interval and rate as LR3). 

Prior to system startup and gravel placement (in aggregate/gravel-laden columns), the saturated 
hydraulic conductivity of each column was measured using a falling head test (Beach 2001). 
Statistical tests performed on all possible pairs of loading regimes indicated no significant 
difference (at a 95% confidence level) in measured saturated hydraulic conductivity between any 
combination of loading regimes (Beach 2001). This factor indicates that the packing procedure 
was reproducible and that differences in baseline hydraulic properties between columns were 
insignificant. 

Hydraulic monitoring of the columns included soil moisture tension, soil moisture content, 
column throughput rates as measured by percolate volume, ponding heights, and bromide tracer 
tests (see Appendix C, Biozone Development and WSAS Performance: Column Studies and 
Beach 2001). 
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The percolate from each column was directed into an outflow container, which was calibrated by 
recording its empty weight prior to system operation. All volume measurements were made by 
weight using an electric balance. At the beginning of the column study, outflow volume was 
measured just prior to each dosing event. As conditions moved towards steady-state throughput 
(continuously ponded), the frequency of monitoring decreased to twice per day and eventually to 
once every 24 hours four times per week. Percolate volumes were collected through day 131 of 
column operation. The percolate samples were also used to assess system performance by 
measuring water quality parameter concentrations. These percolate samples were collected at a 
higher frequency during tracer tests and were used to measure the level of added surrogates and 
tracers in the column outflow. 

In all columns, during some point in operation, the application rate exceeded the infiltration rate 
and ponding ensued. The level of ponding was periodically monitored throughout the operation 
of the columns from a reference point made at the top of the infiltrative surface. In LR1, LR2, 
and periodically in LR3 and LR4, ponding levels increased to the point of overflow 
(approximately 20 cm). 

Multicomponent Surrogate and Tracer Test 

To evaluate mean travel times (hydraulic performance) and the purification performance of these 
columns with respect to viruses under each loading regime during the life of the columns, tracer 
tests were conducted prior to wastewater addition (dosed with tap water, tracer test 1) and during 
weeks 1 (tracer test 2), 6 (tracer test 3), and 15 (tracer test 4). During these tracer tests a 
multicomponent mixture of viral surrogates (two bacteriophages) and a conservative tracer 
(bromide) were added to the STE in a 300 gallon holding tank before application to the columns. 
This multicomponent tracer mixture was applied to the columns for three days and percolate 
samples were collected and monitored. All of the percolate coming from the columns was 
collected initially four times per day (collected over a six-hour time interval) and later 24 to 48 
hour collection intervals.  

During the tap water tracer test, bromide was added at a concentration of approximately  
1,000 mg-Br/L. Bromide was added to STE to a final concentration of 500 mg-Br/L in the week 
1 and week 6 tests. Bromide was added to the applied effluent and dosed to each column at the 
prescribed design rate (Table B-1).  

The MS-2 and PRD-1 were added to the applied effluent at a target concentration of 1 × 107 
PFU/mL. MS-2 is an icosahedral single-stranded RNA coliphage with an average diameter of 
approximately 25 nm and an isoelectric point (pHiep) of 3.9 (VanDuin 1988, Powelson et al. 
1990, Bales et al. 1991). PRD-1 is an icosahedral lipid phage with a diameter of 62 nm, a pHiep 
of < 4.5 and a Salmonella typhimurium host (Ryan et al. 1999; Bales et al. 1991; and Olsen et al. 
1974). MS-2 and PRD-1 have been extensively used as viral surrogates (Harvey 1997a, b). 
Levels of the two bacteriophages and bromide were measured in percolate samples to determine 
virus retardation and removal efficiencies. The shape of the breakthrough curves was used to 
provide insight into dispersion within the columns as well as heterogeneities that may develop 
due to continued wastewater application. 
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Percent removal was calculated using the following equation: 
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where Vt is the total volume of the dose containing bacteriophages (mL), Co is the concentration 
of bacteriophage added to the dose volume (PFU/mL), Vj is the volume of column outflow 
collected over a sampling time (mL), Cj is the concentration of viruses measured in the outflow 
(PFU/mL) and n is the number of outflow samples collected. 

Column Dismantling and Media Characterization 

After 138 days (19 weeks) of operation, the columns were shut down and final infiltration rates 
were measured by monitoring the ponding level or head drop in the columns over time. 
Approximately one to three hours following cessation of ponding, sand sample collection from 
the columns commenced. Infiltrative surface samples were scraped off the top of the columns 
using a sterile spatula and placed in a sterile container. Samples were also collected at depth 
intervals of 5 to 8 cm, 10 to 13 cm, and 25 to 28 cm below the infiltrative surface using 
precleaned sterile beakers. Samples of the infiltrative surface (0 to 3 cm) were also collected at 
two locations in each cored column. LR1 columns were not dismantled due to additional 
experiments. Sand core samples were not taken from columns 2D and 3B. 

The sand samples were analyzed for water content, fecal coliform (FC) bacteria, MS-2, and 
PRD-1 bacteriophages. Water content analysis was performed by drying the samples in a 105 °C 
oven (APHA 1998). Total carbon analysis was conducted on selected samples. Total carbon 
analysis was performed using a CM 5014 CO2 Coulometer (Coulometrics, Joliet, IL). Fecal 
coliform and bacteriophage samples were extracted by taking approximately four grams of soil 
and placing it into a 50 mL conical, adding 40 mL of 1.5% beef extract (a 1:10 extraction) and 
rotating on an orbital mixer for two minutes. Samples were settled for one minute at which time 
an aliquot was withdrawn from mid-depth for fecal coliform and bacteriophage analysis. Fecal 
coliform analysis was conducted using the membrane filtration method with serial dilutions 
(APHA 1998). MS-2 and PRD-1 bacteriophage assays were made following the plaque forming 
unit technique on lawns of bacteria hosts (Escherichia coli and Salmonella typhimurium host, 
respectively) described in Adams (1959). 

Results and Discussion 

Throughout the operation of these columns, water quality data from percolate samples were 
collected. This report focuses on the microbial parameters while the physical and chemical data 
are presented elsewhere (see Appendix C, Biozine Development and WSAS Performance: 
Column Studies and Lowe et al. 2005).  
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Water Quality Observations 

Briefly, all columns proved to have high removal efficiencies for added STE constituents. Ninety 
percent of added cBOD5 was removed in these columns. Nitrification was observed in all 
columns and it commenced in LR1 and LR2 between 30 and 40 days of operation, and following 
approximately 15 days of operation in LR3 and LR4. The difference in time to nitrification at the 
various loading rates might be due to the presence of more unsaturated flow in the intermittently 
dosed LR3 and LR4, allowing nitrifying communities to establish early on, while the presence of 
a biozone at the infiltrative surface of LR1 and LR2 was needed for unsaturated flow to occur 
and nitrifying communities to establish. High removal of phosphorous (P) was observed in most 
columns, though P breakthrough was observed in LR1 and LR2, most likely due to the relatively 
higher effluent loading. Figure B-2 presents the average percent removal of FC for each loading 
rate at different times of operation. 
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Note: Percent Removal of FC averaged for each loading rate (LR1–LR5) for weeks 1, 6, 8, 11, and 
16 of column Operation. Log removal for the same data is also shown. Average Influent 
concentration for STE was 2.25 x 105 cfu/mL 

Figure B-2 
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This graph demonstrates that high removals were observed early on during column operation (86 
to 98% removal at the week 1 test). Percent removal was calculated by measuring the average 
infl given time period and comparing that to percolate 
sam ed over 24 hours (entire percolate volume collected). 

Virus Surrogate and Tracer Tests 

 

uent concentration and volume dosed at a 
ples collect

Results from bromide-tracer tests indicate that bromide breakthrough occurs at roughly the same
time in the first two tracer tests (clean-water baseline and week 1) in all columns from LR1, 
LR2, and LR4 (Figure B-3).  
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Note: Week 0 represents clean tap-water dosing. 

Figure B-3 
Comparison of 50% Bromide Breakthrough During Tracer Tests 1, 2, and 3 In All Loading 
Regimes 

Bromide breakthrough of tracer test 2 (week 1) was significantly delayed in all columns in LR3 
compared to the clean-water test. Since the second tracer test was initiated after only a week of 
wastewater application, little or no noticeable change is expected to occur between these two 
tests. However, during the third tracer test, bromide breakthrough occurs later in all columns and 
significant tailing effects can be observed. Assuming (1) that modification to infiltrative surface 
properties and subsequent changes in hydraulic acceptance is the main control on changes in the 
shape and position of the bromide breakthrough curves, and (2) that the changes in soil 
properties beneath the clogging zone are negligible, the changes observed during the third tracer 
test compared to the clean-water tracer test are attributed to the development of soil clogging at 
the infiltrative surface.  
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Higher water contents and lower permeability in the biozone caused lower water transport rates 
and an increased time to observed bromide breakthrough. In addition, variations in travel paths 
(on the pore scale) at the clogging zone/subsoil interface can cause tailing effects (Beach 2001, 
Beach et al. 2005). 

Results of bromide tracer tests indicate that for each successive tracer test, the mean travel time 
through the columns increased (Figure B-3). The most significant increase occurred between the 
second and third tracer test (that is, between weeks 1 and 6). During this time, continuously 
ponded conditions, presumed to be due to the development of a restrictive biozone at the 
infiltrative surface, were observed in all but two columns (4B and 4C). The presence of the 
biozone decreases the infiltrative surface permeability and results in an increased hydraulic 
residence time as observed during the third tracer test. 

Figure B-4 shows results for the clean-water tracer tests (week 0) in duplicate columns dosed at 
50 cm/day (LR3) with MS-2 and PRD-1. This clean-water tracer test provides baseline 
breakthrough curves and allows for the calculation of retardation factors for the virus added to 
these columns.  

Table B-2 summarizes the time to 10% and 50% breakthrough for bromide (BT10 and BT50), 
PRD-1 and MS-2 at the week 0 tracer test. Retardation of viruses is calculated using the 
following expression (Powelson et al. 1993): 

 Θw = ΘBr / RBr Equation B-2 

where Θw and ΘBr are the travel time for infiltration of water and bromide to reach the depth of 
interest (60 cm). Assuming that RBr equals 1 then: 

 Θvir = ΘBr / Rvir Equation B-3 

By comparing the retention time (BT10 or BT50) of bromide and virus, Rvir can be calculated. 
Based on BT10, retardation factors in these columns were calculated at 6.4 and 6.0 for PRD-1 and 
MS-2, respectively. Powelson et al. (1993) found virus transport to be retarded (R = 1.9) initially 
but increased transport was observed (R = 0.47) after 4 days of flooding (saturated conditions). 
Powelson et al. (1990) found Rvir of 0.75 in unsaturated sand-filled columns dosed at rates of 
0.13 m/day, which suggests charge exclusion from part of the water volume in this system. These 
investigators also observed greater Rvir with secondary effluent versus tertiary, and suggested this 
may possibly be due to a greater amount of organic colloids deposited by secondary effluent, 
which may result in greater adsorption of virus. 
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Note: Duplicate columns loaded at 50 cm/day (LR5) intermittently (4 equal doses). MS-2 and PRD-1 in the 
influent were 1 × 1010 and 1 × 109 PFU/mL, respectively 

Figure B-4 
PRD-1 and MS-2 Breakthrough During Clean-Water Tracer Test (Week 0)  

 
Table B-2 
Approximate Time (Hours) to 10% and 50% Breakthrough During Clean-Water Tracer Test 
(Week 0)  

Calculated Rvir  Bromide 
(hr) 

PRD-1 
(hr) 

MS-2 
(hr) 

PRD-1 MS-2 

10% BT 5 32 30 6.4 6.0 

50% BT 10 36 40 3.6 4.0 

Note: Duplicate columns dosed intermittently at 50 cm/day. Virus retardation (Rvir) calculated based on 
expressions from Powelson 1993 (see Equation B-3). 

Figure B-5 presents the breakthrough curves for MS-2 and PRD-1 for the week 1 tracer test. Rvir 
could not be calculated for PRD-1 or MS-2 in subsequent tracer tests due to the limited 
breakthrough (high removal) of the bacteriophages in the columns. Average values for each of 
the four sets of duplicate columns in LR1–LR4 are shown. Total removal of added bacteriophage 
was approximately four-logs or higher during this tracer test, as shown in Figure B-6 (the cause 
of the spike at 100 hours is unknown). These total removals are based on collection of the total 
volume of percolate (100% of column effluent). Percolate samples were collected until three 
consecutive days of non-detectable levels of virus in the samples were observed (virus detection 
level = 1 PFU/1mL). 
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Note: All data points +/- 1 standard deviation. Average values for each loading regime  
shown for tracer test beginning one week after initiation of STE loading. 

Figure B-5 
Breakthrough Curves for MS-2 and PRD-1 for LR1–LR4  
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Note: +/- 1 Standard Deviation. Average of the four columns in each loading regime. 

Figure B-6 
Average Percent Removal of MS-2 and PRD-1 During the Week 1 Tracer Test 

Tracer tests conducted at week 6 and week 15 showed exceedingly high removal of viruses 
added. Exceptionally few percolate samples had detectable levels of virus during both of these 
tracer tests. From percolate samples collected for 300 hours following the addition of the tracer 
and virus surrogates to the STE, less than 20 samples had detectable levels of virus in them and 
all were below 16 PFU/mL. The detection limit for analysis is 1 PFU/mL. Percent removals were 
higher at week 6 and 15 than at week 1; all showed a 5-log (99.999%) or higher removal. 

The impact of loading sand media with a higher quality effluent (SPE consisting of the percolate 
collected from LR3 and LR4 columns) on the hydraulic and purification performance was also 
investigated. This study involved a duplicate set of columns, similar to the main experiment, but 
to which a higher quality effluent was applied. The time-dependent changes in virus removal 
were compared between the STE loaded columns and the higher quality effluent (SPE) loaded 
columns. 

These two additional columns (5A and 5B) were filled with the same sand to obtain a vadose 
zone depth of 60 cm. Their infiltrative surfaces were open (or aggregate-free). These columns 
were dosed with the combined percolates collected from the LR3 and LR4 columns (discussed 
above). This effluent was initially expected to be similar to sand filter effluent (SFE), but during 
the start up phase of the column operation it had much higher levels of TSS, chemical oxygen 
demand (COD), and ammonia (NH4) (see Table B-3). The effluent was applied to the columns at 
50 cm/day in four equal doses at 8, 12, 16, 20 hours (the same as LR3). 
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Table B-3 
Composition of Effluent Applied to LR5 Columns (5A and 5B) 

 TSS 
(mg/L) 

COD 
(mg/L) 

TN 
(mg/L) 

NH4 
(mg/L) 

TP 
(mg-P/L) 

FC 
(cfu/100mL) 

SPE Average1 15.7 91.5 27.3 22.2 15.4 – 

SPE High 27.5 173 36 54 20.6 9.4 × 104 

SPE Low nd 61 2.4 0.1 6.5 nd 

SFE2 10–15 30–40 20–30 20–25 0–5 0–1000 

STE Average 
(this study) 126.5 457.5 55.5 60 26.5 2.2 × 104– 

5.5 × 105 

1Soil percolate effluent (combined effluent from LR3 and LR4 columns), n = 9.  
2Sand filter effluent from literature values.  
 nd = non-detectable. 

Comparison of columns 5A and 5B to the columns of LR3 and LR4 was made for the cumulative 
loading of effluent constituents (Figure B-7). Similar levels of BOD5 and TSS were applied but 
relatively lower levels of fecal coliform bacteria were added to 5A and 5B due to the high 
removal within the LR3 and LR4 columns. Bromide tracer curves for these columns (5A and 5B) 
for week 0, 1, and 6 are presented in Figure B-8. Figure B-9 presents PRD-1 and MS-2 
breakthrough over the time following addition of these bacteriophages. 
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Note: Columns 5A and 5B (LR 5) mass loadings prior to the second tracer test are also shown. 

Figure B-7 
Estimated Cumulative Loading of Constituents in Applied Effluent to LR3, LR4, and LR5 
Columns Just Prior to the Start of the Week 1 Tracer Test 
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Note: Tracer was added over the first 72 hours. 

Figure B-8 
Bromide Breakthrough Curves for Columns 5A and 5B at Week 0, 1, and 6 Tracer Tests 
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Note: Tracer was added over the first 72 hours—x and y scales are different. 

Figure B-9 
PRD-1 and MS-2 Breakthrough in Columns 5A and 5B at the Week 0, 1, and 6 Tracer Tests 
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Table B-4 presents the time to BT10 and BT50 for each of the tracer tests. The values given are 
representative of both columns (5A and 5B). The data show that the most dramatic differences in 
hydraulics occurred between the week 1 and the week 6 tests, similar to observations of LR1, 
LR2, and LR4. 

Table B-4 
Time (Hours) to BT10 and BT50 During Tracer Tests Conducted in Columns 5A and 5B at 
Week 0, 1, and 6 of Column Operation  

Bromide Week 0 
(hr) 

Week 1 
(hr) 

Week 6 
(hr) 

BT10 7 5 8 

BT50 10 10 8 

The bromide tracer tests showed an increase in the hydraulic retention time (HRT) with time of 
operation and significant changes in LR3 and LR4 in the first two weeks of operation, while the 
higher quality effluent columns (5A and 5B) showed more significant changes in HRT by the 
week 6 tracer test. At the week 0 tracer test, significant breakthrough of virus was observed in 
columns 5A and 5B, while at the week 1 tracer test the removal of virus was high (4- to 5-log for 
both PRD-1 and MS-2) in these columns even with little change in the HRT. Therefore, at the 
week 1 tracer test, an increase in the removal of virus was observed in these columns that cannot 
be attributed simply to hydraulic changes in this system. The “conditioning” of the porous media 
due to application of SPE (even relatively higher quality effluent versus STE) appears to play an 
important role in the removal of these viruses, and the appearance of a visibly developed biomat 
at the infiltrative surface and a concomitant change in the hydraulic loading may not be required. 

Terminal Coring and Infiltrative Surface Characterization 

Water and carbon content values for soil samples were taken from three representative columns. 
The results indicate increases in water content and carbon content at the infiltrative surface zone 
(IS#1 and IS#2) compared to the remainder of the column (Figure B-10). These increases are 
expected due to the accumulation of pore-filling agents as a result of continued wastewater 
application (Siegrist 1987).  

The differences in the water content values with individual columns seem to be greater in the 
columns with an open infiltrative surface (A and B columns) versus those with gravel at the 
infiltrative surface (C and D). This variation may be due to the more disruptive method of 
obtaining infiltrative surface samples in the gravel laden columns, where gravel was picked off 
the top of the columns until it was completely removed, at which time two infiltrative surface 
samples were collected. 
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Notes: 
IS = infiltrative surface (two samples were taken from this layer).  
A and B have open infiltrative surface, C and D have gravel infiltrative surface.  
Design loading rates are LR1 = 200 cm/day, LR2 = 100 cm/day, LR3 = 50 cm/day,  
and LR4 = 25 cm/day.  
Actual daily loading rates were 65 to 82% of design rates. 

Figure B-10 
Water Content and Total Carbon Values for Soil Samples Collected From Cored Columns 

Few fecal coliforms were found in sand below 15 cm, though columns 2A, 2B, 3A, and 4A all 
had detectible levels at the 25–30 cm depth (Figure B-11). In columns where fecal coliform 
bacteria were measured in soil core extracts, there is a general trend of decreasing levels with 
increasing depth below the infiltrative surface. 
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Fecal Coliform Levels From Extracted Soil Samples at the Infiltrative Surface and at 

ive surface cores (found in 7 of the 10 columns analyzed). This finding suggests 
the importance of the infiltrative surface and the “conditioning” of the columns in the removal of 
certain viruses. 

Note: No bar represents non-detectable levels. Columns 2D and 3B not cored. 

Figure B-11 

Three Intervals Below  

Figure B-12 shows MS-2 and PRD-1 extracted from these same soil samples. PRD-1 was 
detected in notably few soil samples. Column 4A had the highest level of extracted PRD-1, while 
columns 3A and 3D had PRD-1 present in soil cores from 25–28 cm depth. MS-2 was frequently 
found in infiltrat

B-19 



 
Pathogen Transport-Fate Studies 

MS-2 (PFU/g dry soil)

1
10

100
1000

10000

2A 2B 2C 3A 3C 3D 4A 4B 4C 4D
Loading Regime and Column

IS#1
IS#2
5-8 cm
10-13 cm
25-28 cm

 

PRD-1 (PFU/g dry soil) IS#1

IS#2

10

10000 5-8 cm

10-13 cm

25-28 cm
100

1000

1
2A 2B 2C 3A 3C 3D 4A 4B 4C 4D

Loading Regime and Column
 

Note: No bar represents non-detectable levels. Columns 2D and 3B not cored. 

Figure B-12 
om Extracted Soil Samples at the 

 Below  

A 1-D column study was conducted to evaluate the infiltrative surface biozone genesis effects on 
virus removal. These columns were filled with the same medium sand and were dosed with STE 
at four loading rates:  

• LR1 columns dosed with STE at an experimental design rate of 200 cm/day continuously 
dosed 

• LR2 continuously dosed at 100 cm/day 

• LR3 intermittently dosed (four times daily) at 50 cm/day 

• LR4 intermittently dosed (four times daily) at 25 cm/day 

MS-2 and PRD-1 Found in Soil Samples Taken Fr
Infiltrative Surface and at Three Intervals

Summary and Conclusions 
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Actual loading rates were measured and observed to range from 65 to 82% of the design rates. 
Within each loading rate, duplicate columns were run with either an aggregate-free or an 
aggregate-laden infiltrative surface and a 60 cm soil vadose zone depth. Two additional gravel-
free columns were set up and dosed with the combined percolate collected from LR3 and LR4 
(SPE) at 50 cm/day to simulate pretreated effluent applied at a higher hydraulic loading rate 
(HLR). Multicomponent surrogate and tracer tests were conducted by adding the conservative 
tracer bromide and the viral surrogates MS-2 and PRD-1 to the applied effluent.  

At the completion of the study, soil cores were collected and analyzed for chemical and 
microbial constituents. This appendix focuses on the removal of viruses and bacteria in STE 
applied to these columns with time of operation as well as relatively higher quality effluent 
dosed onto other columns. 

Results demonstrate a maturation of the columns dosed with wastewater effluent with incipient 
ponding observed in LR1 by week 1, LR2 by week 2, LR3 by week 4 and LR4 by week 6, 
except for one column where ponding did not occur until week 19. Bromide tracer tests showed 
an increase in the hydraulic retention time with time of operation for all columns, with the most 
significant changes observed during the first two weeks of operation for the columns loaded with 
STE (LR1–LR4). Fecal coliform removal was high (greater than 99% removal) in these 
STE-loaded columns early on and continued to be so throughout the study. 

Results from the pretreated effluent columns showed that, with a limited amount of effluent 
conditioning of the sand, no visible biozone formation, and no appreciable change in the 
hydraulic retention times, enhanced removal of virus was observed. The columns loaded with 
SPE (columns 5A and 5B) showed the most dramatic changes in the hydraulic regime after the 
first six weeks of operation. Lower fecal coliform removal was observed in these two columns 
and the added bacteriophages, MS-2 and PRD-1, showed substantial breakthrough in the 
clean-water tracer test conducted just prior to the addition of percolate. High removal of added 
virus was observed in both columns by the week 1 tracer test. This result suggests that an 
increased removal of virus may not be attributed to hydraulic changes, but to the conditioning of 
the porous media that results from dosing the columns with percolate from columns dosed with 
STE (lower pollutant concentrations than STE). While lacking a visible biozone at the infiltrative 
surface or a flow regime change indicative of biozone development, conditioning of the sand is 
important to the removal of viruses in such systems. The importance of a developed infiltrative 
zone and its impact on removal rates and the hydraulic character of these systems were examined 
on a smaller scale as presented in the following section (Van Cuyk 2003). 
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Fate of Viruses in WSASs: Mini-Column Studies 

Wastewater systems for onsite and small-scale applications are commonly designed for 
intermittent dosing of primary treated wastewater into natural soil where it infiltrates and 
percolates through the vadose zone before it recharges into the underlying groundwater. These 
systems are widely used due to their high purification performance with respect to organics, 
solids, and nutrients, with relatively low cost and limited operation and maintenance 
requirements. However, with such systems increasingly being used as permanent solutions for 
wastewater treatment and at increasing numbers and densities, there is a growing awareness and 
concern over system performance with respect to bacteria and virus.  

Since human pathogens are known to exist in sewage effluents, their removal during soil 
treatment of wastewater is essential in preventing contamination of groundwater, which can be 
used for drinking water purposes. There have been incidences of disease outbreaks by 
contaminated drinking water due to the source waters being contaminated (Craun 1985, US EPA 
2000). In fact, some investigators have claimed that septic systems are the most frequently 
reported cause of groundwater contamination associated with disease in the US (Powelson and 
Gerba 1994).  

Virus transport distance and transport times estimated by models are extremely sensitive to the 
choice of attachment and inactivation rate coefficients (Yates 1995, Navigato 1999). These 
parameters and the processes that control attachment and inactivation are not readily available or 
well understood, particularly for soil systems used to treat domestic wastewater effluent onsite. 
This appendix describes laboratory experiments that attempt to understand what controls the 
natural disinfection of virus in the subsurface, primarily in soils receiving STE. 

Figure B-13 presents a generalized schematic of a soil-based treatment system. These systems 
include a broad spectrum of types and designs. Soil may be used to treat high-quality effluent 
(such as sand filter effluent) that may have low levels of carbon, nutrients, and pathogens, or it 
may be used to treat primary effluent (such as STE) that contains high levels of carbon, nutrients, 
and bacteria. The underlying soil and groundwater may or may not be changed by the applied 
effluent.  

Important areas for treatment in these systems include the 

• Biozone, which may be formed at the infiltrative surface 

• Vadose zone, the depth of which may vary from one foot or less to many hundreds of feet 

• Saturated groundwater zone 

The groundwater transport distance to receptors from such a system can vary anywhere from 
hundreds of feet to miles. 
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Figure B-13 
General Schematic Showing Components of a Soil-Based Treatment System 

In order to address the issue of virus fate and transport, information on attachment and 
inactivation/die-off behavior has been gathered in the laboratory using material and temperatures 
representative of field conditions following established methods (Harvey 1997a, b; Van Cuyk et 
al. 2001; Navigato 1999; Loveland 1996). Similar to the 1-D column experiment, two 
bacteriophages, MS-2 and PRD-1, were used as surrogates for human pathogenic enteric viruses 
(see the Virus Surrogate and Tracer Tests section). The removal of viruses in non-disinfected 
wastewater effluent released into the subsurface may depend almost completely upon the 
permanent attachment of viruses to subsurface solids and/or their inactivation due to strong 
intersurface forces occurring during reversible or intermittent attachment. Models that are 
utilized to predict the transport of virus must include the loss of virus from soil solution or 
groundwater due to the attachment based on the physical and chemical properties of the soil and 
the groundwater.  

The column work presented here examines the pH-dependency of virus attachment behavior 
using small, static mini-columns that are filled with medium sand that has been used previously 
in laboratory studies (Van Cuyk et al. 2001). The effect of temperature, pH, and the presence of 
organic carbon on attachment was studied. In addition, the effects of different porous media and 
various carrier solutions (groundwater and STE) on the removal of viruses at the infiltrative 
surface were investigated. This work involved a novel unsaturated column assembly used to 
simulate the infiltrative surface alone. This assembly used a vacuum manifold to simulate 
underlying unsaturated soil, which allowed for the collection of percolate samples immediately 
below the infiltrative surface. 
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Materials and Methods 

Two bacteriophages, MS-2 and PRD-1, were used in this study as models for human pathogenic 
enteric viruses (see the Multicomponent Surrogate and Tracer Test section). Liquid samples and 
extracted soil core samples were analyzed for these bacteriophages following the PFU technique 
as described by Adams (1959). For this assay, all samples were serially diluted in phosphate 
buffered saline (PBS), plated with the bacterial host on a layer of agar and incubated overnight at 
37 °C. Plates were enumerated by counting plaques formed in the host lawn. MS-2 and PRD-1 
bacteriophages and host bacteria were obtained from the United States Geological Survey 
(USGS) in Boulder, CO. Viruses were added to applied effluent (STE, dilute STE, or artificial 
groundwater) at target concentrations of approximately 104–107 PFU/mL. 

Static Saturated Mini-Columns 

Static columns have been used by researchers in the past and are advantageous because they 
allow for equilibrium attachment studies to be conducted at solid-solution ratios that are similar 
to the soil groundwater environment (Loveland 1996, Harvey 1997a, Navigato 1999). Since 
energy is not added to the system, Brownian diffusion is the only mechanism transporting the 
viruses in groundwater to the soil surface. That the flow is only in the downward direction may 
alter the dispersion of viruses and their attachment on grain surfaces. Loveland noted that the 
lack of tangential flow in these columns may alter the distribution of viruses as compared to 
natural groundwater settings (Loveland 1996), but for this research, which is focused on the 
vertical entry into the groundwater zone (see Figure B-13), the columns are ideal. 

Static columns used in this investigation were prepared as described by Loveland (1996)  
(Figure B-14). Briefly, the column materials (50 mL glass syringe, Popper and Sons) were rinsed 
with deionized water and then soaked for three hours in 0.1M hydrochloric acid (HCl) to remove 
trace metals. Residual organic matter was oxidized by baking the columns overnight at 450 °C. 
The same procedure was used for the polypropylene mesh placed at the base of the columns.  

 

 

  50 cc glass syringe 

Polypropylene mesh 

Porous media 

Stopcock 

50 ml conical 

2 cm 

~4 cm 
soil depth 

Figure B-14 
Static Mini-Column Assembly Used for Saturated Conditions Experiments 
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These columns were then packed with approximately 10g of moist sand (10% water content, dry 
wt %). This sand has the following characteristics (Sheldon 1999, Van Cuyk et al. 2001) 
(Table B-5):  

• d10 = 0.22 mm, d60 = 0.60 mm 

• pH = 6.8 

• total organic carbon (TOC) = 0.017 dry wt % 

• Ksat = 0.032 cm sec-1 

Elemental analyses were made using a JEOL JXA-840 scanning microanalyzer at the Colorado 
School of Mines (CSM). Columns were equilibrated to the desired pH by flushing with 
groundwater or other dilute STE matrix at the pH of interest until flow through pH values were 
within 0.5 pH units of the desired value. When necessary, the pH of the aqueous matrix was 
adjusted by adding sodium hydroxide (NaOH) or HCl. pH values were measured using an 
electrode. 

Table B-5 
Soil Physical and Chemical Properties 

Soil Properties Units Sand Silty Sand 

Dry bulk densitya g/cm3 1.70 1.68 

Organic carbon contentb Dry weight % 0.00130 
(0.0169)c 

0.226  
(+/– 0.009) 

pH  6.8 6.5 

Metal elemental 
composition 

Dry weight %d Al  8.182 (0.779) 

Ca 0.360 (0.268) 

Fe 4.138 (0.642) 

Mg nd 

Si  33.076 (1.012) 

Al  7.574 (0.602) 

Ca 2.476 (0.309) 

Fe 3.432 (0.625) 

Mg 0.952 (0.344) 

Si  28.21 (0.806) 

a Dry bulk density = dry soil mass/ volume of soil 
b Mean percent organic carbon content (+/– one standard error) 
c +/– 0.0015 (from Sheldon 1999) 
d Mean percent (5 replicates) measured by scanning microanalysis (+/– one standard error); nd = non-detect 

Artificial groundwater (AGW) was prepared in the laboratory following the method of Struse 
(1999). The final composition of the AGW was (see Table B-6): 

• 0.83 mg/L KCl 

• 1.0 mg/L NaNO3 

• 1.28 mg/L FeCl3 
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• 68.8 mg/L MgCl2 

• 104 mg/L CaSO4  

STE was collected from a multifamily housing unit and characterized for chemical and 
biological properties, revealing the following average concentrations:  

• TSS = 69 mg/L 

• cBOD5 = 227 mg/L 

• TN = 57 mg-N/L 

• TP = 4.6 mg-P/L 

• fecal coliforms = 5.4 × 105 cfu/100mL 
Table B-6 
Properties of Septic Tank Effluent and Artificial Groundwater Used in Mini-Column Studies 

Parameter STEa AGW 

Alkalinity (mg-CaCO3/L) 209 40 

cBOD5 (mg/L) 276  – 

COD (mg/L) 504 21.7 

DOC (mg/L) 4 – 

TS (mg/L) 585 237.5 

TSS (mg/L) 60 5 

FC (colony forming unit/mL) 2.2 x 105 nd 

pHb Approximately 6.8 6.0 

a Average values presented 
b Static saturated mini-columns had pH values adjusted 
  nd =  non detect 
    – = not measured 

In the static mini-columns, run under saturated conditions, STE was diluted 1:100 in AGW and 
dissolved organic carbon (DOC) was added as citric acid to a final concentration of 4 mg/L. This 
value for DOC represents the level measured in STE collected by the CSM research group and 
values measured by Pieper et al. (1999) in the groundwater collected from a sewage 
contaminated zone of an aquifer at a field site on Cape Cod, MA. Diluting the STE allowed for 
low concentrations of solids, BOD5, nitrogen, and phosphorous in the aqueous matrix while 
keeping fecal coliform levels high (approximately 5 × 103 cfu/100mL). Addition of DOC to 4 
mg/L, in the saturated mini-column, allowed for simulation of a STE-impacted soil for use in 
comparing the impact of organic carbon on the removal of virus in this portion of the system. 
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After columns were equilibrated and saturated, the liquid meniscus was brought to a level just 
above the soil grains at the upper end of the column and one pore volume of virus solution (in 
either diluted (1:100) STE with 4 mg/L DOC or AGW, at desired concentration and pH) was 
added. The pore volume was calculated gravimetrically. The virus suspension was drawn into the 
column by opening the clamp at the bottom of the column and draining slowly one pore volume 
of liquid (over approximately one minute). Static columns were run at either 6 °C or 23 °C. These 
columns were not cloaked. 

Once the solution containing the added viruses was delivered onto the columns, the columns 
were allowed to equilibrate overnight. Samples were then taken by draining off the interstitial 
groundwater after adding one pore-volume (approximately 2 mL) of the sample matrix (AGW or 
diluted STE with 4 mg/L DOC) to the top of the column. Columns were run in replicates of six 
and, unless otherwise noted, values shown are the average of these six columns. 

Percent attachment was calculated using the following equation (Loveland 1996): 

 % Attachment = 100 × 
Co

CflCo −  Equation B-4 

where Co is the initial concentration of virus (or bacteria) (PFU/mL) added and Cfl is the 
concentration of virus (or bacteria) measured in the sampled solution (first pore volume 
collected, PFU/mL). 

Inactivation rates for each virus under various conditions can be calculated from these controls 
by graphing infective virus in each sample over time. Inactivation is assumed to be a first-order 
kinetic process described by the following equation (Gerba et al. 1991, Powelson and Gerba 
1994): 

 C = Co e –kit Equation B-5 

where C is the concentration at time t (PFU/mL), Co is the initial concentration (PFU/mL) and ki 
is the inactivation rate (time-1). 

Unsaturated Mini-Columns 

Unsaturated mini-columns were prepared in the same manner as the saturated static 
mini-columns as described in the Column Preparation and Operation section. Columns were 
packed with approximately 10 g of sand or silty sand. Physical properties of the sand and silty 
sand have been characterized previously by Sheldon (1999) (Table B-5). 

After packing, columns were upflow saturated with deionized water and approximately five pore 
volumes were flushed before allowing downflow of water. Column experiments were designed 
in a full 24 factorial design (Table B-7), with effluent (STE [straight] or AGW [at pH 7]) dosed 
onto the sand or silty-sand columns at a rate of either 5 or 25 cm/day. Columns were dosed in 
equal doses, for a total of 4 or 24 such doses per day.  
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A vacuum was pulled under each column during each dosing period and for five minutes 
following dosing. This applied vacuum pulled a consistent suction equivalent to that of 
approximately 60 cm of unsaturated soil (see Figure B-15 for the unsaturated mini-column 
apparatus). All dosing and delivery of effluent was automated using a programmable Chrontrol 
device. AGW pH 7 was made daily from stock solutions. STE was collected weekly and stored 
quiescent and cloaked at 18 °C.  

Table B-7 
Replicated 24 Full Factorial Design of Flow-Through Unsaturated Mini-Column 
Experiments 

 Column # Effluent Porous Media HLR 
(cm/day) 

Dose 
(#/day) 

Run 1 1–3 AGW Sand 5 4 

 4–6   25 4 

 7–9   25 24 

 10–12   5 24 

Run 2 1–3 STE Sand 5 4 

 4–6   25 4 

 7–9   25 24 

 10–12   5 24 

Run 3 1–3 STE Silty sand 5 4 

 4–6   25 4 

 7–9   25 24 

 10–12   5 24 

Run 4 1–3 AGW Silty sand 5 4 

 4–6   25 4 

 7–9   25 24 

 10–12   5 24 

Note: All columns run in triplicate.  
Soil depth in mini-columns was approximately 4 cm, representing the infiltrative surface zone of a WSAS. 
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Effluent 
applied 50 cc syringe 

Porous media 

Polypropylene 
Mesh 

To vacuum

 

  

~4 cm 
soil 

2 cm 

Note: Vacuum manifold designed to simulate approximately 60 cm of unsaturated soil 

Figure B-15 
Unsaturated Mini-Column Apparatus 

During tracer tests, MS-2 and PRD-1 were added directly to the column dose pot. Effluent, with 
MS-2 and PRD-1 added, was dosed for a full 24-hour period. Dose pot samples were collected 
and analyzed at the start (t = 0) and at the end (t = 24 hr) of delivery of the virus. Little soil free 
inactivation was observed in this 24 hour period, but in cases where measured concentrations of 
added virus differed in the liquid samples collected at the start and at the end of the 24-hour 
period, average values were used for the initial concentration of virus in removal calculations. At 
the end of addition of the virus, all effluent delivery lines were flushed with virus-free AGW or 
STE.  

Percolate samples were collected from each column at six-hour intervals during tracer tests, until 
low levels of viruses (less than 1 PFU/mL) were measured in samples, at which point collection 
of samples occurred at 12 or 24 hour intervals. Samples were stored at 4 °C and plated for MS-2 
and PRD-1 infective units (PFUs) within 48 hours of collection. The first tracer test commenced 
at a time point that represents one week of operation at 5 cm/day or 25 cm/day of effluent 
loading. The second tracer test commenced at week six of column operation. Surrogate tracer 
tests occurred at these time points in order to gain an understanding of the early development of 
the infiltrative surface. 

Percent removal was calculated in the same manner as during the 1-D column experiment as 
described in the Multicomponent Surrogate and Tracer Test section using Equation B-1. 
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Column dismantling occurred at week 10 of column operation for all columns except for 
columns in run 2. Run 2 columns were dismantled following 11 weeks of operation. Prior to 
coring, the column dosing was ceased and the columns “rested” for approximately 2.5 hours 
before dismantling.  

All of the soil was aseptically removed from columns, mixed using sterile utensils, and divided 
into three subsamples. The first portion was used for water-content analysis. This soil was added 
to preweighed aluminum weigh boats, dried at 105 °C overnight and percent water content 
calculated on a dry weight basis (APHA 1998).  

The second portion was added to a sterile conical and extracted using 1.5 wt % beef extract 
solution (1:10 w/w soil: beef extract), shaken on an orbital shaker for two minutes at 250 rpm, 
followed by one minute of settling after which a supernatant subsample was taken and analyzed 
for fecal coliform bacteria (via membrane filtration, APHA 1998), heterotrophic plate count 
(HPC) (APHA 1998), and MS-2 and PRD-1 bacteriophage. Numbers of bacteria and virus found 
in the extracted soil supernatant were converted to number per gram dry soil via the 
water-content values. The third portion of soil was stored at 4 °C for possible future analysis. 

Analysis of many of the results was conducted using analysis of variance. In all cases the 
confidence limit was 95%. This work was performed using Microsoft Excel. 

Results and Discussion 

This section provides information regarding: 

• Virus inactivation rates 

• Virus attachment under saturated conditions 

• Virus removal at the infiltrative surface 

• Characterization of media from the unsaturated columns 

Virus Inactivation Rates 

Experimental controls in soil-free systems (glass 50-cc syringe columns without soil added) were 
used to gain an understanding of the inactivation rate of MS-2 and PRD-1 at two temperatures, 
6 °C and 23 °C. Results for experiments run at 6 °C are shown in Figure B-16. These experiments 
were also conducted with the addition of E. coli, to determine if the presence of these bacteria (at 
a concentration of approximately 106 cfu/mL) had any impact on the inactivation or growth of 
the two viruses. There appears to be no difference in inactivation in the presence of E. coli. The 
results for 23 °C are presented in Figure B-17.  
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Soil Free Inactivation, 6 degrees, AGW
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Soil Free Inactivation, 6 degrees, AGW
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Note: 
E. coli was added to some columns to a final concentration of 106 cfu/mL.  
Six columns were run for each condition.  
Average values are shown.  
Initial concentrations (t = 0) ranged from 5.6 × 104 to 7.8 × 104 for PRD-1 and 2.9 × 108 to 6.2 × 108 for MS-2. 

Figure B-16 
MS-2 and PRD-1 Inactivation in Soil-Free Columns at 6 °C at pH 5, 7, and 9 in Artificial 
Groundwater 
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 to 6.0 × 102 and MS-2, 1.8 × 102 to 3.4 × 102 

Figure B-17 
MS-2 and PRD-1 Inactiva oil-F lum ° t p nd 9 

The  th eratur indu ation e ob
temperatures below approximately 10 °C. In this study, minimal differences were observed over 
the course of inactivation rate experiment nducte oil-fr t
Therefore, most subsequent e ents were conducted at 23 °C  othe

As Table B-8 presents, there is a large range of inactivation rates found in the literature. The data 
collected and calculated inactivation rates from soil-free experiments and in r studies 
are within the range of values found in the literature.  

Table B-8 
Calculated Inactivation Rates (-ki) for Viruses Observed in This Study and Reported by 
Other Investigators Under Various Conditions 

Researcher Porous 
Media? 

Temp
(C) 

Rates 
(-ki) (day-1) Virus Comments 

Note: Initial concentrations (t = 0) for PRD-1, 1.4 × 102

tion in S ree Co ns at 23 C a H 5, 7, a

literature suggests at little temp e- ced inactiv  will b served at 

s co d in s ee matrices a  6 and 23 °C. 
xperim unless rwise noted.  

the lysimete

Reddy et al. 1981 Yes and No  0.04–3.69 many Compilation of data 

No 12 2.21 echovirus 11 Anaerobic digestion Bertucci et al. 1974 

No 12 2.53 MS-1 Anaerobic digestion 

Larkin et al. 1976 Yes 12(?) 0.1 poliovirus Soil flooded with 
inoculated,  
non-chlorinated 
secondary effluent 
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Table B-8 
Calculated Inactivation Rates (-ki) for Viruses Observed in This Study and Reported by 
Other Investigators Under Various Conditions (Cont.) 

Researcher Porous 
Media? 

Temp
(C) 

Rates 
(-ki) (day-1) Virus Comments 

No 5 0.022 PRD-1 Contaminated 
groundwater 

No 5 0.056 PRD-1 Radiolabeled phage 

No 5 0.083 MS-2 Contaminated 
groundwater 

Navigato 1999 

No 5 0.093 MS-2 Radiolabeled phage 

Yates 1995 No 4 0.018–0.15 MS-2 Groundwater 

Powelson et al. 
1990 

No 4 0.041 MS-2 Groundwater 

Powelson et al. 
1993 

No 7 0–0.092 MS-2,  
PRD-1 

Groundwater 

No  0.12 PRD-1 Groundwater Schijven et al.  
1999 

No  0.030 MS-2 Groundwater 

Van Cuyk et al. 
2001 

Medium 
sand 

18 0.26–1 PRD-1 Wastewater, to little 
MS-2  

Breakthrough to 
measure 

No 23 0.0336 PRD-1, pH 5 AGWb 

No 23 0.0552 PRD-1 pH 7 AGW 

No 23 ~0a PRD-1, pH 9 AGW 

No 23 0.02688 MS-2, pH 5 AGW 

No 23 ~0a MS-2, pH 7 AGW 

Van Cuyk 2003 

No 23 ~0a MS-2, pH 9 AGW 

a Not enough virus breakthrough to quantify removal rate 
b Artificial groundwater at pH 7 

Figure B-18 takes six inactivation rates (10, 1, 0.1, 0.01, and 0.001) and presents the calculated 
time to 1- or 4-log removal of viruses using these rates. Depending on the rate of inactivation, 
4-log removal of viruses by inactivation can be rapid (many hours to days) or may take years. 
Therefore, gaining an understanding of other mechanisms of virus removal (for example, 
adsorption) under various environmental conditions is important. 
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Figure B-18 
Time to 1- or 4-Log Removal of Virus Calculated Using a Range of Inactivation Rate (Ki) 
Values 

Virus Attachment Under Saturated Conditions 

The pH of groundwater will control the charge on the viruses and the soil surfaces. Most natural 
waters have pH values that range from pH 5 to pH 9. At these pHs, quartz surfaces will have a 
negative charge. At pH values above the pHiep for the virus (3.9 for MS-2 and 4.5 for PRD-1), 
both the virus and the grain surface may be negatively charged and removal of the virus by 
attachment may be minimal. In some cases, however, the presence of certain minerals (for 
example, sesquioxides and carbonates) can yield positively charged surfaces in the groundwater 
pH range and may have a significant impact on the transport of virus (Loveland 1996, Goyal and 
Gerba 1979). Electrostatic virus attachment may occur when these metal oxides are present and 
available on soil surfaces (Loveland 1996, Ryan et al. 1999). 

Figure B-19 presents results for static saturated mini-columns dosed with AGW or dilute STE 
(1:100 dilution with 4 mg/L DOC) at three different pH values, pH 5, 7, and 9 (each value is the 
average of six columns). There does not appear to be a significant difference in attachment based 
on pH. Over the course of this experiment, parallel soil-free column experiments did not show a 
significant change in virus titer. The increase in removal of virus observed in the soil-filled 
columns versus soil-free columns is attributed to attachment to soil grains and/or inactivation due 
to the presence of soil. 
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Note: Experiments were conducted at 23 °C. Average values shown +/− 1 standard deviation. 

Figure B-19 
Percent Attachment of MS-2 and PRD-1 in Static Mini-Columns Filled With Medium Sand 
and Run at pH values 5, 7, and 9 

The work of Navigato (1999) using radiolabeled bacteriophages suggests that there may be an 
increased inactivation of MS-2 and PRD-1 upon passage through a soil column, though no 

. 
s 

quantification of this process was made. Based on electrostatic interaction, an increase in pH is 
expected to yield a decrease in virus adsorption to the soil. However, no impact of pH on 
attachment was seen in this pH range, which is above the pHiep of the viruses and the soil grains
Most of the subsequent experiments presented here were conducted at pH 5–9. This pH range i
representative of values found in STE and is within the range of pH values found in most 
groundwater.  
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Organic matter may also play an important role in the fate of viruses in the subsurface. 
Sewage-derived organic matter is an important factor to consider because it is frequently 
associated with the source of viral contamination. An understanding of the importance of organic 
matter is vital when considering onsite and other land-based or porous-media wastewater 
treatment systems. While the interaction of viruses with organic matter is not well understood, 

dding hydrophobic sites and 
 al. 1993). Other work has shown that organic 

. 

idence level), that is, more MS-2 is removed in the dilute STE with 4 mg/L DOC 
 

Virus Removal at the Infiltrative Surface 

Unsaturated flow mini-column work was completed to focus on the removal of viruses at the 
infiltrative surface during early operation of WSASs under various operating conditions  
(Table B-7). Fecal coliform breakthrough from the columns was measured at the start of each 
tracer test. Figure B-20 shows the number of fecal coliform bacteria quantified in the percolate of 
columns dosed with STE (runs 2 and 3) just prior to the addition of virus surrogate tracers to the 
effluent.  

A single-batch sample was collected over a 12-hour interval and the level of fecal coliform was 
measured in this sample. These results show decrease in fecal coliform breakthrough in the 
columns that are filled with silty sand with increased time of operation, while little change was 
observed from tracer test 1 to tracer test 2 in the columns dosed with STE and filled with 
medium sand. Percent removal of coliform bacteria increased from tracer test 1 to tracer test 2 in 
both run 2 (98.79% to 99.59%) and run 3 (99.09% to 99.98%).  

studies suggest that organic matter may alter the soil surfaces, a
thereby increasing virus attachment (Bales et
matter might decrease virus attachment (Sobsey et al. 1980, Powelson et al. 1991, Pieper et al
1997, Ryan et al. 1999) by occupying attachment sites previously available for viruses.  

The presence of organic matter may also reverse the surface charge of the soil, which may also 
yield increased transport. A two-way analysis of variance (ANOVA) was conducted indicating 
that MS-2 has a statistically significant increase in attachment with change in the carrier fluid 
(95% conf
versus AGW, while the opposite was observed with PRD-1. MS-2 attachment increased with the
addition of organic carbon suggesting a beneficial alteration of the soil surfaces due to the 
presence of this organic carbon. PRD-1 attachment decreased in the dilute STE with DOC 
columns, perhaps due to DOC-facilitated transport or the “blocking” of virus attachment at the 
soil surface. Ryan et al. 1999 found that PRD-1 attachment sites were blocked by the presence of 
organic matter. 
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Notes: Run 2 in medium sand and run 3 in silty sand just before the start of tracer test 1 (TT1) 
tracer test 2 (TT2).  
Average values for triplicate columns are shown with standard error bars. (Input concentration 
approximately 2.

and 

2 × 105 colony forming unit/mL.)  
Percent removal of fecal coliform is presented in the text. 

 
m/day columns processed an average of about 350 and 1,400 pore 

volumes, respectively.  

Figure B-20 
Concentration of Fecal Coliform Bacteria in Percolate From Columns Dosed With STE  

Pore volumes of applied liquid processed by each column regime as of the start of tracer test 1 
and tracer test 2 are shown in Figure B-21. At tracer test 1, the 5 cm/day and 25 cm/day columns 
processed an average of about 60 and 200 pore volumes, respectively. By the time of tracer test 2
the 5 cm/day and 25 c
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Figure B-21 
Pore Volumes of Effluent Received by Each Loading Regime for Each Run 

Unsaturated mini-column percent removal of added MS-2 and PRD-1 are shown for all columns 
in Figure B-22 and Figure B-23. All of the soil percolate volume was collected and analyzed for 
MS-2 and PRD-1 as were dose pot samples. Runs 1, 3, and 4 show improved removal of added 
viruses under all conditions with increased time of operation, that is, from tracer test 1 to tracer 
test 2. The only condition where a decrease in removal was observed with time was in Run 2 
(STE, medium sand) where a decrease in the removal of PRD-1 was observed from the first 
tracer test to the second. No removal of PRD-1 was observed in the columns in Run 1 (AGW, 
sand) at the first tracer test.  

The importance of time of operation in the removal of viruses was discussed previously in the 
section that described the 1-D column study, with respect to the “conditioning” of the porous 
media. The addition of AGW to these columns is believed to have been enough to stimulate the 
microbial community and result in changes in the total biological activity, much like that found 
in the soil-clogging literature (Gupta and Swartzendruber 1962, Frankenberger  
et al. 1979), even though no visible alteration of the soil was observed. This subject is discussed 
later in this chapter.  
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Note: Average values for triplicate columns are shown with pooled standard error. No removal of PRD-
was observed in these columns during TT1 

Figure B-22 
Percent Removal of MS-2 and PRD-1 at TT1 and TT2 in All Columns for Run 2 
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Note: Average values for triplicate columns are shown with pooled standard error. 

Figure B-23 
Percent Removal From Columns in Runs 3 and 4 for MS-2 and PRD-1 at TT1 and TT2 
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An ANOVA was conducted on the percent removals calculated from these experiments in order 
to elucidate which factors are important in the removal of viruses. The quality of the effluent 
applied proved to be important for removal of MS-2 and PRD-1. Figure B-24a shows that when 
all columns are compared based on effluent applied, there is an increase in the percent of MS-2 
and PRD-1 removed from TT1 to TT2. This figure also shows that MS-2 columns at the first 
tracer test had improved removal when dosed with STE, but by TT2 the MS-2 columns dosed 
with AGW had significantly higher removal versus those dosed with STE.  

Similar results are observed when looking at removal of PRD-1 in these columns. At the first 
tracer test better PRD-1 removal was observed with STE effluent applied, but by TT2 those 
dosed with AGW had significantly higher removal of added PRD-1. This change shows an initial 
benefit (at the time of TT1) of having columns dosed with STE, perhaps by adding hydrophobic 
sites that result in an increased attachment as suggested by Bales et al. (1993). By the second 
tracer test, the removal is improved in columns pared to the first 
test, but the removal in AGW-dosed columns is er. This difference may be due to the 
stimulation of microbial communities by delivery of effluent or due to the benefit of the presence 
of salts in the AGW. Previous research has suggested that increasing the concentration of ionic 
salts and increasing cation valences may enhance virus adsorption (Yates and Yates 1988, 
Keswick and Gerba 1980, Carlson et al. 1968)  

Under the conditions studied, hydraulic loading rate also proved to be important in the removal 
of viruses. While Figure B-24b shows no effect of HLR on removal at the time of the first tracer 
test, by TT2, columns dosed at the higher HLR (25 cm/day) have improved removal of both 
MS-2 and PRD-1. The literature suggests the opposite: that an increase in HLR leads to an 
increase in transport of the viruses (deeper penetration into the porous media). However, a higher 
HLR may be beneficial to removal of viruses, perhaps due to accelerated soil grain conditioning 
due to a relatively higher total loading of constituents such as BOD5.  

Soil type impacted the removal of PRD-1 at the time of the second tracer test. Figure B-24c 
shows that tho ime of 
TT2. The characteristics of the silty sand, such as its higher organic content and higher 
per

Under the conditions studied there are no apparent difference in removal of virus as a function of 
ns dosed 4 times daily and 

he tracer test time points. 

dosed with either effluent as com
 high

se columns filled with silty sand had higher removal rates for PRD-1 at the t

centage of hydroxides may be the reasons for the higher PRD-1 removals. 

dosing, that is, there were no differences observed between colum
those dosed 24 times daily with either bacteriophage at either of t
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Figure B-24 
Three Important Factors in the Removal of Viruses in Unsaturated Mini-Columns: 
(a) Effluent Applied, (b) Hydraulic Loading Rate, and (c) Soil Type 
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Characterization of Media From the Unsaturated Columns 

Dismantling of these columns occurred following a time period of dosing representative of 10 
weeks of operation. Figure B-25 shows how much effluent was processed by each column over 
the course of the experiment. As expected, total volumes dosed in Run 2 are slightly higher due 
to the fact that they were left in operation approximately one week longer than the other 
columns.  

Total Volume Processed (mL)

2000

0

1000

3000

4000

5000

6000

5 cm/day, 4 doses 25 cm/day, 4
doses

25 cm/day, 24
doses

5 cm/day, 24
doses

Run 1 Run 2 Run 3 Run 4

 

Note: Bars represent average values from triplicate columns with standard error 1 mL processed  
is equal to a dose of approximately 0.32 cm (1 cm3/cm2 × (1 cm)2) 

Figure B-25 
Total Amount of Effluent Applied to Columns in Runs 1–4 

Water content values measured at the time of dismantling are shown in Figure B-26 for all 
columns. An ANOVA conducted on water content values determined that soil type had the only 
significant impact on the measured value. Figure B-27 shows higher percentage water content in 
columns packed with silty sand versus those packed with medium sand (n = 12, 95% confidence 
level). No other factors had a significant impact on the water content of the columns at the time 
of dismantling. 
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Figure B-26 
Water Content (% dry weight) Measured in Columns at Time of Dismantling 
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Figure B-27 
Importance of Soil Type on Measured Level of Water Content (% dry weight) at the Time 
Column Dismantling 

TOC levels measured in soil samples are shown in Figure B-28. An ANOVA (n = 12, 95% 
confidence) conducted on these data shows a significant effect of both soil type and effluent type 
on the organic carbon in the soil. 

of 

As expected, higher levels were observed in columns filled 
with the silty-sand soil and in those columns dosed with STE. Hydraulic loading rate and dosing 
regime had no statistically significant impact on the TOC values measured at the end of 
unsaturated mini-column experiments. 
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      Note: Averages are shown +/- standard error of mean. Note difference in y-axis scales. 

m 

s 
ed and may be due to the stimulation of the bacterial community or due to the efficacy 

of the method of extraction for recovery of soil-associated bacteria.  

Figure B-28 
Total Organic Carbon (ppm dry weight) Measured in Soil Samples From Dismantled 
Columns 

Values of fecal coliform bacteria, heterotrophic bacteria, and MS-2 and PRD-1 extracted fro
soil columns at the time of dismantling are shown in Figure B-29 and Figure B-30. Consistently, 
Run 1 columns (sand, AGW) had high levels of extracted HPC and FC bacteria. This result wa
unexpect
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 × 10-4 % of the bacteriophage that was added to the 
column during the second tracer test alone. Figure B-30 shows little PRD-1 extracted from the 

       Note: Av

Figure B-29 
Values for FC bacteria and HPC Measured in Soil Sample Extracts 

Values of MS-2 and PRD-1 recovered from soil (Figure B-30) represent a small portion of th
number of these viruses added to the columns during TT2. The highest values of extracted MS-
or PRD-1 only represent approximately 1

columns in Runs 2–4. Run 1 had significantly higher levels of extracted PRD-1.  
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Figure B-30 
Values for MS-2 and PRD-1 Measured in Extracted Soil Columns 

Comparing the removal of PRD-1 during the tracer tests, initially there was no removal of 
PRD-1 in the Run 1 columns, then 2-log removal occurred by the second tracer test. This 
suggests changes in the sand media following continued dosing with AGW. The second trac
test occurred in sand that had been condit

er 
ioned so that it favored higher adsorption of PRD-1 (as 

easured by p viruses were subsequently removed/extracted 
ia elution wit  addition may have a two-fold impact on

l 
e of 

ttachment of 
the negatively charged virus to the sand. The cations may also link the virus to the porous media 
by the formation of salt bridges. 

m ercent removal) and the adsorbed 
v h beef extract. The AGW  the virus 
adsorption. The AGW addition may stimulate the microbial community present in the soi
leading to increased virus adsorption. Secondly, AGW addition may increase the presenc
multivalent cations, altering the electrostatic character of the system, resulting in a
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Extracted values of MS-2 (Figure B-30) showed that only one run (Run 3, silty sand, STE) had 
no MS-2 available for extraction via beef extract. Perhaps the presence of organic matter on the 
soil in combination with that added by STE dosing yielded ineffective extraction of this 
bacteriophage. Percent removal in these columns did not vary greatly from other column 
conditions. Run 3 columns extracted for PRD-1 also yield no measurable extracted virus. 

Summary and Conclusions 

Unsaturated mini-column experiments demonstrated that the removal of viruses within an 
infiltrative surface zone (of approximately 4 cm) improved over time under conditions studied. 
The exception occurred in sand-filled columns dosed with STE (Run 2) where the removal of 
PRD t to the second. These results suggest that under these 
conditions the presence of dissolved organic matter leads to an increase in the transport of  
PRD-1. 

Statistical analysis conducted on the percent removals calculated from unsaturated column 
experim nts demonstrated that the qu ty of the effluent applied to the infiltrativ
important for rem  an . MS  at th cer te roved 
overall removal when dosed with STE, but by the second tracer test the MS-2 columns dosed 

ad signif ly higher val versu e dosed with STE. Simila ults are 
emoval of PRD-1 in these columns, at the first tracer test better PRD-1 removal 

was observed with STE effluent applied, but by the ond tracer t se dosed with AGW 
had significantly higher removal of added phage. The improved removal viruses when dosing 
with AGW may be due to the presen f multivalent cations in this matrix. The AGW may 
stimulate the microbial communities present (as seen in unsaturated column dism ata) 
and also beneficially affect the electrostatic character of the system

Hydraulic loading rate also proved to be important in the removal of viruses. At the time of TT2, 
d at the er HLR (25 cm/day) had er percent ls for both MS-2 and 
ype alter oval of PRD-1 at the time of the second tracer test, at which 

time silty sand had high oval rates for PRD-1. This result suggests that higher organic 
matter content of the m ay lead to better attac nt of viruses to the soil. No significant 
differences were observed between columns dosed four times daily and those dosed 24 times 
daily for either bacteriophage at eith  the tracer  time point

These data suggest that over a relatively short period of time (after eight weeks of operation) the 
urface of soil-based was ter treatm stems can ieve much higher removal 
 measured earlier. Table B-9 shows that TT1 had removals of less than 1-log occur 

for most conditions (only Run 2 had higher removal, which was 2-log removal for PRD-1). By 
the time of the second tracer test overall removal had improved in m es with 1-log 
removal most frequently observed in addition to 3- and 4-log average removals. The 3- and 4-log 
removals were observed for MS-2 in Run 1 (sand, AGW) and for PRD-1 in Run 4 (silty sand, 
AGW).  
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One r fecal coliforms in the unsaturated columns at 
the second tracer test. Th under most of the conditions studied at the 
second tracer test brings forth the imp erlying porou l of 
viruses in the vadose zone becomes essential if the goal of obtaining at least a 4-log reduction of 
viruses is to occur in these systems.  

Table B-9 
Overall Avera f M mn R

PRD-1 

- and 2-log removals were also observed fo
e low removal of virus 

ortance of the und s media. Remova

ge Removal o S-2 and PRD-1 in Unsaturated Mini-Colu uns 1–4 

 MS-2 

 T  T1 TT2 T1 TT2 T

Run 1 (Sand, AGW) 50.90 a 99.99 .002) 0 
 

1 (1.004)  (28.50) (0 98.7

Run 2 (Sand, STE) 89.28 (2.85) 90.54 (4.22) 99.89 (0.039) 86.22 (9.97) 

Run 3 (Silty sand, STE) 63.60 (20.11) 96.94 (5.70) 47.68m (44.99) 95.73 (2.79) 

Run 4 (Silty sand, AGW) 76.51 (21.04) 97.46 (1.74) 99.87 (0.43) 99.98 (0.006) 

aValues in parentheses represent 1 standard deviation. 

Experimental Data Analysis and Discussion 

• Modeling virus transport-fate 

Issue of Scale 

In the three-dimensional (3-D) lysimeter work presented in Van Cuyk et al. 2001, after eight 
weeks of dosing with STE at 5 or 8 cm/d 1-log removal of viruses occurred after travel through 
either 60 or 90 cm of unsaturated porous media (medium sand). Similar tracer tests conducted in 
medium sand-filled 1-D columns with 60 cm of unsaturated soil demonstrated much higher 
removals at the time zero test and even more improved following two weeks of operation with 
STE loaded at rates of 25 to 50 cm/day.  

The reasons for these differences may be due to scale effects. The effect of the fringe, or 
additional clean infiltrative surface and porous media filter volume on the purification 
performance should be considered. Higher removal in the 1-D columns may have occurred due 
to the lack of this “fringe” effect, which is reflected in the volumetric utilization efficiency 
(VUE) and infiltrative surface utilization (ISU) values being close to one, meaning that all of the 
infiltrative surface zone and the porous media volume are contacted by applied effluent.  

This section provides information about experimental data analysis and discussion as related to  

• Issue of scale 
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There are always concerns when attempting to scale up from the laboratory scale or even from 
shorter field scale distances to larger field scales. The removal of viruses in porous media has 
been suggested to decline with distance. Work conducted by Grant et al. (1999) with Norwalk 
virus particles suggests a fractal model of filtration of virus under saturated conditions that 
predicts a slow decay in virus concentration with distance. A more resistant population will 
actually survive and be transported further in theory, which may be due to colloid facilitated 
transport or virus aggregation. The character of this population may differ greatly from the rest 
of the population; that is, it may be more resistant to inactivation (at the soil surface and in the 
pore water) and may have different adsorption characteristics. Therefore, predictions of virus 
removal at the larger scale may be overestimated if based on these smaller-scale studies. 
Recognizing this potential for overestimation is important in predicting removals and in 
calculating set-back distances necessary for protection of groundwater and drinking water 
supplies.  

Modeling Virus Transport-Fate  

Using numbers generated from the infiltrative surface column studies (unsaturated 
mini-columns), a simple model was used to gain an understanding of the importance of the 
infiltrative surface in the overall removal of viral surrogates in WSASs. This model is a simple 
spreadshe nd Siegrist 2001). The model 
proposes f he first is the infiltrative 
zone (IZ), 6 cm (for a total 
depth from

San collected in the 3-D lysimeters 
and 1-D column studies. Simulations were run using STE or AGW as the applied effluent with 
dosing at 5 cm/day and initial virus concentrations of 1 × 107 PFU/100mL.  

Equation B-6 was used to calculate ki values from Run 1 (AGW, sand) and Run 2 (STE, sand) 
data collected in flow-through unsaturated mini-columns. Calculated ki values for the infiltrative 
zone and other input parameters are shown in Table B-10. Initially the IZ was assumed to have 
removal rates the same as the underlying vadose zone (k = 0.1 hr-1). Application rate over the 
design infiltration area (q) was assumed to be 0.208 cm/hr (equal to 5 cm/day), effective porosity 
(Ne, v/v) was assumed to be 0.2 in both compartments until week 2, where that number was 
increased to 0.3. The ISU represents the fraction of the infiltrative surface that receives the 
applied effluent, while VUE represents fraction of the porous media contacted by the applied 
effluent. The time parameter input for the first order removal equation (Equation B-1) was 
calculated using the following equation: 

 t = (L*Ne)*(ISU)/ (q)    Equation B-6 

where t is time (hour), L is length of porous media, Ne is effective porosity (v/v), ISU is 
infiltrative surface utilization (fraction utilized), and q is application rate (cm/hr). 

et model that has been presented previously (Van Cuyk a
irst order removal and divides the WSAS into two sections. T
 estimated at 4-cm depth and the second is the vadose zone (VZ) at 5
 infiltrative surface to groundwater of 60 cm).  

d was used in these simulations to enable comparison to data 
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Run 1 (AGW, sand) input parameters (Figure B-31) show the importance of the vadose zone in 
the early period of operations, but an increase in the importance of the infiltrative zone on the 
removal of MS-2 and PRD-1 with time of operation. High total removal (4 log and higher) is 
achieved in these systems by week eight of operation, with most of this removal occurring in the 
infiltrative zone. Results from Run 2 (STE, Sand) removal rate inputs show that by week eight a 
2-log removal of both MS-2 and PRD-1 is achieved, but the importance of the infiltrative zone at 
this time in the overall removal is less than that of the vadose zone (Figure B-32). These results 
parallel what was observed in the 3-D lysimeter work (Van Cuyk 2003) where initial 
breakthrough was observed, followed by 4-log removal of added bacteriophage following a 
longer period of operation.  

Table B-10 
Input for Virus Removal Simulation  

 Infiltrative zone  
(0 to 4 cm) 

Vadose Zone  
(4 to 60 cm) 

 Week of 
operation 

(at 5 cm/day) 

k1 
(hour -1)a 

ISUb 

(fraction) 
k2

c 

(hour -1) 
VUEb 

(fraction) 

0.5 0.1 0.05 0.1 0.1 

1 0.3 0.1 0.1 0.2 

2 0.3 0.2 0.1 0.3 

4 40 0.4 0.1 0.6 

MS-2 Run 1 
(AGW, Sand

0.1 0.9 

) 

8 80 0.6 

0.5 0.1 0.05 0.1 0.1 

1 0.19 0.1 0.1 0.2 

PRD-1 Run 1 
(AGW, Sand) 

2 0.19 0.2 0.1 0.3 

4 1.2 0.4 0.1 0.6 

8 2.47 0.6 0.1 0.9 

0.5 0.1 0.05 0.1 0.1 

1 0.57 0.1 0.1 0.2 

2 0.57 0.2 0.1 0.3 

4 0.3 0.4 0.1 0.6 

MS
(ST

-2 Run 2 
E, Sand) 

8 0.13 0.6 0.1 0.9 
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Table B-10 
Input for Virus Removal Simulation (Cont.) 

 Infiltrative zone  
(0 to 4 cm) 

Vadose Zone  
(4 to 60 cm) 

 Week of 
operation 

(at 5 cm/day) 

k1 
(hour -1)a 

ISU
(fraction) 

k2
(hour -1) 

VUE
(fraction) 

b c b 

0.5 0.1 0.05 0.1 0.1 

1 1.234 0.1 0.1 0.2 

2 1.234 0.2  0.3 

4 0.6 0.4 0.1 0.6 

PRD
(ST

0.9 

-1 Run 2 
E, Sand) 

8 0.04 0.6 0.1 

 
alues calculated from unsaturated mini-column experiments except week 4 removal rate (k) value, which isa k1 v  the 

average of weeks 2 and 8 experimentally measured values. 

es from observations in lysimeters and literature. b ISU and VUE valu

c Assumed from literature and from Table B-7. 

Note: ki= removal rate 
ISU= infiltrative surface utilization, represents the fraction of the infiltrative surface used 
VUE= volumetric utilization efficiency, represents fraction of the porous media filter utilized 
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Removal rate numbers obtained from Run 1 mini-column experiments.  

Notes: Assumes first order removal with respect to concentration.  
1 × 107 PFU/ml of virus added in AGW dosed at 5 cm/day.  

IZ = infiltrative surface zone, first 4 cm of depth; VZ = vadose zone, 4 to 60 cm 

Figure B-31 
Virus Removal Simulation With Increasing Time of Operation 
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al rate numbers obtained from Run 2 mini-column experiments. 
IZ = infiltrative surface zone, first 4 cm of depth; VZ = vadose zone, 4 to 60 cm 

Notes: Assumes first order removal with respect to concentration.  
1 × 107 PFU/ml of virus added in STE dosed at 5 cm/day. 
Remov

Figure B-32 
Virus Removal Simulation With Increasing Time of Operation  
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Conclusions 

The following conclusions were drawn from the laboratory-scale experiments performed to 
investigate the fate of bacteria and virus during wastewater treatment in a WSAS: 

sed 

edia at the infiltrative surface is 
s 
 

 changes to 

• Higher levels of soil TOC were found in unsaturated mini-columns that were loaded with 

bserved at the time 
of the second tracer test in the columns loaded with AGW at the higher loading rate, versus 

ed 

ce of a clogging zone or visible 
biozone at the infiltrative surface may not be as important as initial research had suggested. 

eveloped infiltrative surface. However, 3-D tank 
lysimeter studies show that the development of a biozone with increased time of operation 

udies demonstrated that equivalent or even higher removal of viruses may 
 
e 

tive surface and the vadose zone, may be 
able to achieve high removal of added bacteriophages (from 1 to 4 log, see Figure B-4).  

ter. Twentieth Edition. Clesceri, L. S., A. E. Greenberg, and A. D. Eaton 

 
–2095. 

• One-dimensional columns and unsaturated mini-column work demonstrated that an increa
removal of virus may not necessarily be attributed to development of a biozone that alters the 
flow regime, but that the conditioning of the porous m
important to the removal of viruses. In both experimental systems no noticeable biozone wa
observed (but biofilms are likely present, as evidenced by HPC bacteria counts in sand-filled
unsaturated mini-columns dosed with AGW). In the 1-D column work no
hydraulics were measured, yet increased removal of virus was observed following 
application of higher quality effluent (either AGW or soil percolate effluent). 

STE at a HLR of 5 cm/day versus AGW loaded at 25 cm/day (when comparing in either sand 
or silty sand). However, higher removal of both MS-2 and PRD-1 was o

those in the same soil dosed with STE at 5 cm/day. 

• Microdosing, when comparing AGW dosed 24 times/day versus columns dosed with STE 
four times daily, resulted in higher removal of both MS-2 and PRD-1 in the unsaturat
mini-columns at the time of the second tracer test. 

• One-dimensional column studies showed that the presen

The characteristics of the soil and solution matrix may be more important for conditioning 
the porous media than forming a visibly d

may be important to the flow regime and the removal of viruses (Van Cuyk et al. 2001). 

• Mini-columns st
occur at the infiltrative surface when viruses are applied to soil in higher quality effluent as
compared to application in STE. The presence of constituents in STE (such as DOC) may b
of concern with respect to the removal of viruses in porous media. 

• Onsite wastewater systems, including the infiltra
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C BIOZONE DEVELOPMENT AND WSAS
R MA E: LUMN UD  

Wastewater treatment for onsite and small community applications commonly relies on 
infiltration and percolation of prim effluent through soil to achieve purification prior to 
recharge to groundwater (US EPA 1978, 1980, 
Tchobanoglous 1998). Design of these wastewater em SASs) requires 
delivery and rface typi
inte ittently, for a give

Overview

During operation of the WSAS, developm
accumu ical growth (Jones and 
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biozone evo e perm al 
operative lo
effluent spreads laterally due to the in ed pore space and 
decreased hydraulic cap
regimes, presented in Table C-1, reveal how ng rate (HLR) to an 
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Biozone development can promote unsaturated flow conditions that promote contact between the 

fferent. That is, systems of a given design in a 
given soil and climatic setting may yield a similar equilibrium rate after some time of operation. 
The equilibrium infiltration rate after clogging ha ected to be affected by several 
design and environmental factors, including:  

• Infiltrative surface architecture 

xplore the biozone genesis and 
flow and transport process dynamics in a WSAS. To determine the effects of different loading 
rates on hydraulic and treatment performance, 16 one-dimensional (1-D) columns were 
established to simulate a vertical column within a WSAS under four loading regimes  
(Figure C-1). 

wastewater constituents and the surface of soil particles, thereby enabling reactions and 
increasing the time available for treatment process to occur (Schwager and Boller 1997; Van 
Cuyk et al. 2001; Siegrist et al. 2001). Furthermore, the biozone is more biogeochemically 
reactive than the native soil.  

The rate of development of the biozone and the loss in hydraulic capacity at the infiltrative 
surface is dependent on the mass loading rate of effluent onto the infiltrative surface (Siegrist 
1987). However, once clogging develops to the point of continuous ponding of the infiltrative 
surface, the hydraulic resistance of a given type of infiltration zone may be similar even if the 
historical loading and rate of development is di

s evolved, is exp

• The orientation of the infiltrative surface 

• Soil texture, structure, and hydraulic conductivity properties 

• Degree of saturation in the underlying unsaturated zone 

The purpose of the research described in this appendix was to e

LR1
Continuous Delivery

200 cm/day

LR2
Continuous Delivery

100 cm/day

LR3 
Intermittent
50 cm/day

LR4
Intermittent
25 cm/day

1A 1C1B 4A1D 2A 2B 2C 2D 3A 3B 3C 2D 4B 4C 4D

~300 
gallon 

holding 
tank

Overflow

Peristaltic 
pump

Peristaltic 
pump

pump

Chrontrol Chrontrol

Dose 

pots

 
Figure C-1 
Schematic of Column Set-Up 
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The experimental design conditions for each column are described in Table C-2. The concept of 
accelerated loading was also evaluated to determine if increased application rates (within c
limits) enabled the system to progress through a normal life cycle following a compressed 
scale such that shorter-term tests would provide insight into longer-term perfor

ertain 
time 

mance. 
Table C-2 

e Column Operation Experimental Conditions for th

Loading 
Regime 

Column 
Labels 

Infiltrative 
Surface 

Character 
Exp. Design 

HLR Loading Method Features 

1A, 1B Gravel-Free 
LR1 

1C, 1D Gravel-Laden 

200 cm/d 
35.36 L/d 

per column
Continuous delivery at 24.56 mL/min 

2A, 2B Gravel-Free 
LR2 

2C, 2D Gravel-Laden 

100 cm/d 
17.68 L/d 

per column
Continuous delivery at 12.28 mL/min 

3A, 3B Gravel-Free 

LR3 

Gravel-Laden 

8.84 L/d 
per column

osed 4 times/day  
(8:00, 12:00, 16:00, and 20:00 hr.) 

12.5 cm/dose or 2.20 L/dose 
1.10 L/min for 2 min 

50 cm/d D

3C, 3D 

4A, 4B Gravel-Free 

LR4 
4C, 4D Gravel-Laden 

25 cm/d 
4.42 L/d 

per column

Dosed 4 times/day  
(8:00, 12:00, 16:00, and 20:00 hr.) 

6.25 cm/dose or 1.10 L/dose 
1.10 L/min for 1 min 

Notes: Total design loading = 265 L/d (70.1 gpd) at 100% throughput in all 16 columns.  
Actual daily loading rates were 65 to 82% of the design rate. 

Based on the loading rates applied during this experiment, 20 weeks of operation were exp
to reflect periods of operation equivalent to as much as 15.4 yr. of operation compared to a 
typical design loading rate (5 cm/d) for sandy soils, assuming that all of the applied wastewater
was processed through and/or accepted by the columns. Experimental methods, hydraulic 
performance, and nutrient treatment performance are described in this appendix (see also Beach 
2001, Beach et al. 2005, Siegrist et al. 2002). Additional information on pathogen transport-fate 
and infiltrative surface c

ected 

 

haracterization is presented in Appendix B, Pathogen Transport-Fate 
Studies. 

Methods 

This section provides information about the experimental apparatus and monitoring. 
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Experimental Apparatus 

The columns were constructed from clear acrylic pipe, 15 cm in diameter. Outflow and overflow
ports were tapped near the bottom and top of each column, with the overflows positioned 
approximately 20 cm above the infiltrative surface. Prior to packing with sand, the inside wall
of the columns were sprayed with an acrylic adhesive and covered with sand. The bonding of
sand to the interior wall of the column was intended to roughen

 

s 
 

 the sidewall and minimize 
preferential sidewall flow. Each column was equipped to monitor both soil moisture tension 

 and water content (time domain reflectometry [TDR]) at three locations 
mns were selected randomly for construction, packing, and grouping into 

(SMT) at two locations
(Figure C-2). The colu
loading regimes to negate any bias or pattern. 

 

Pea gravel
support

Wastewater 
effluent

5 cm
9 cm

7 cm

19 cm

Holding
container for

TDR waveguides (3)

Overflow (if any)

Measurement  of
outflow volume with
time (cm/hr)

Cable Tester

outflow

PC

measurement of water
content within porous
medium (v/v)

Automated

15 cm

SMT w/ pressure
Transducers (2)

Measurement
of soil moisture 
Potential (cm H2O)

Clear, acrylic column

Porous medium, 60-cm depth

Infiltrative surface (aggregate-laden or aggregate-free)

16 cm

 

l (1 to 2 cm in diameter) was placed in the bottom of each 
nimize clogging of the outlet port. The gravel was flushed 

 compaction. Each column was then 
packed with moist sand (approximately 5.5% water by weight, d10=0.22 mm, d60=0.60 mm) in 

 a total sand depth of 60 cm. Each lift followed the same packing 
ity within and between columns.  

Figure C-2 
Schematic of Column Set-Up 

A 5-cm deep layer of washed pea grave
column for structural support and to mi
twice with tap water after placement to promote settling and

5-cm lifts or increments to
procedure to ensure uniform
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For the gravel-laden columns, after the final lift, a 1-cm layer of sand was removed from the top 
 t rface was scarified, a layer of washed gravel (nominal 2-cm diameter) was 

rface, and dry sand was used to fill in the void spaces. This first 
a imulate gravel embedment known to occur in WSASs, was then 

compacted and gravel then added to a height of 10 cm above the soil surface.  

ts. 
 

r a period of 
26 days. All columns were loaded according to the design application method (Table C-2) to 

dia and establish a steady-state water content distribution. During 
clean-water loading, tap water containing 500 mg-Br/L was applied to each column to assess 

8 
ing 

 

For LR3 and LR4, wastewater was pumped from the holding tank to individual dose pots 
h dosing event. To ensure that each dose 

pot was filled with the prescribed volume, excess wastewater was pumped to the dose pot and 

 

age 
f the design rate for 

 

of he column. The su
placed on the scarified su
gr vel-sand lift, used to s

Baseline Characterization 

After the columns were fully assembled, baseline characterization including measurement of 
saturated hydraulic conductivity (Ksat), clean-water loading, and a bromide tracer test was 
completed. To obtain Ksat measurements, each column was upflow saturated over a period of 
eight hours and allowed to sit ponded overnight prior to completion of three falling-head tes
The columns were allowed to drain for a period of three to five days after Ksat measurements
prior to clean-water loading during which all columns were loaded with tap water fo

consolidate the sand me

mean travel times under each loading regime. Column percolate samples were collected and 
analyzed using a combination ion-selective electrode for bromide. 

Wastewater Loading 

Following baseline characterization, wastewater loading was initiated and continued for 13
days. Wastewater (septic tank effluent [STE]) was acquired from a nearby multi-family hous
unit at CSM and transported to the laboratory where it was stored in an insulated 300-gallon 
polyethylene tank. All columns received wastewater from this holding tank. For the continuously
loaded columns (LR1 and LR2), wastewater from the holding tank was applied at the design rate 
via peristaltic pumps (Figure C-1).  

positioned above the column immediately prior to eac

allowed to flow back to the holding tank through an overflow port and tubing. All dosing events 
were automated using a ChronTrol timer to release the specified volume from the dose pots for a
1- to 2-minute period.  

The initial design could not be maintained constantly due to experimental factors such as 
sediment accumulation in delivering tubing and periodic pump malfunctions. The aver
hydraulic loading rate prior to ponding for each loading regime was 78% o
LR1, 82% of the design rate for LR2, 79% of the design rate for LR3, and 65% of the design rate 
for LR4. In addition, biozone genesis resulted in decreased hydraulic loading rates over time. 
Throughout this study, the columns remained cloaked with black plastic, except when accessing
the columns during monitoring, to prevent algae growth. 
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Anaerobic conditions developed in LR1 and LR2 after two weeks of operation due to the high 
STE loading rate and ponding of wastewater at the top of the columns. To alleviate the anaerobic 
conditions, aeration holes (one-quarter-inch diameter) were drilled through the acrylic column 
sidewall approximately 10 cm apart along opposing sides of each column and covered with ga
permeable tape to all

s 
ow oxygen transfer through the sidewalls of the columns. Subsequently, 

continuously ponded conditions to the overflow (20 cm above the infiltrative surface) led to 
.  

e 

mples for water quality analysis 

of percolate throughput volumes 

• Measurement of soil moisture tension 

r 
Pathogen Transport-Fate 

Studies with detailed results presented in Beach (2001) and Van Cuyk (2003). 

ities included: 

• 

tent 

wastewater throughput rates less than the initial loading rates

Routine Operations 

Routine operations continued for 19 weeks (138 days) at which time wastewater loading to th
columns was terminated. Routine operations included:  

• Application of wastewater to the columns 

• Weekly collection of percolate sa

• Measurement 

• Measurement of soil moisture content 

In addition, three multicomponent tracer tests (MS-2 and PRD-1 bacteriophages and bromide 
tracer) were completed during weeks 1, 6, and 15 of column operation. Results of the trace
testing, and moisture content profiles are described in Appendix B, 

Monitoring 

Monitoring activ

• Hydraulic performance monitoring 

Treatment performance monitoring 

• Multicomponent surrogate and tracer tests 

• Terminal monitoring and media characterization 

Hydraulic Performance Monitoring  

Hydraulic monitoring of the columns included:  

• Soil moisture tension 

• Soil moisture con

• Falling-head hydraulic conductivity measurements 
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• Column throughput rates measured by percolate volume 

Ponding heights • 

 cm and 21 cm. 

vide 
 be 

due
con
dur

Soil Moisture Content 

ax, Inc.), 10 cm in length, were 
column. TDR measures the travel time of an 

 
t measurements for each TDR wave guide every two 

 test 
mn 

e. For the measurements prior to wastewater loading, all columns were 
up-flow saturated over a period of eight hours and allowed to sit ponded overnight to ensure 

During this falling-head test the change in ponding height (head above the infiltrative surface) 
was recorded over time as the column was allowed to drain. Up to 29 individual head 
measurements were recorded per column. Infiltration rates based on the dh/dt for each column 
were then determined from the average of the individual measurements.  

• Bromide tracer tests 

Soil Moisture Tension 

Two soil moisture tensiometers were installed in each column at soil depths of 5
The ceramic cup (SoilMoisture, Inc.) tube assemblies were constructed in the laboratory and 
equipped with a pressure transducer (Newark Electronics, Inc.). The tensiometers did not pro
reasonable or reliable measurements of pressure head in the columns, an outcome thought to

 to the coarse nature of the column media (sand) and the lack of adequate hydraulic 
tinuity between soil solution and the porous cup. Therefore, measurements were ceased 
ing the first week of operation and no pressure-head information was obtained. 

To measure soil moisture content, three TDR sensors (Dynam
installed at soil depths of 9, 16, and 35 cm in each 
electric pulse down a wave guide inserted in the soil. The travel time of the pulse depends on the 
apparent permittivity, or dielectric constant, of the soil media. Since the dielectric constant for 
water is approximately 70 times greater than of dry soil, the dielectric constant of the soil media 
depends strongly on the water content of the soil system. All wave guides were connected 
through multiplexers to a Tektronics 1502C cable tester. The Dynamax TDR system was 
automated and controlled using a PC and the manufacturer provided the computer software 
program, TACQ. Prior to installation, the global and individual settings for each wave guide 
were adjusted according to the manufacturers recommendations (Evett 2000). The software was
set up to automatically acquire water conten
hours, starting at 12:00 a.m. 

Falling-Head Hydraulic Conductivity Measurements 

The effective hydraulic conductivity (Ke) of each column was measured using a falling-head
at the beginning and end of column operation. The term “effective” is used because the colu
eventually becomes a heterogeneous system, where the hydraulic conductivity is primarily 
controlled by the biozon

saturation and to reduce air entrapment. Reference locations for initial and final head 
measurements were specified randomly at each measurement repetition.  

At the end of the experiment (138 days), a falling-head test was again performed on all columns. 
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Due to the presence of a biozone, ponded wastewater was present at the infiltrative surface for al
LR1 and LR2 tests. However, ponding within the dosed columns, LR3 and LR4, was erratic and 
unstable throughout the study. Therefore, analysis of falling-head tests was not performed on 
LR3 and LR4 data. 

Column Throughput Rates Measured by Percolate Volume 

The percolate from e

l 

ach column was directed into an outflow container, which was calibrated by 
ade by 

to 
1 

dically monitored throughout 
the operation of the columns from a reference point made at the top of the infiltrative surface. In 

is of the STE applied to the columns as 
nalysis of the applied STE was 

4 °C 

• pH—Measured electrometrically following standard methods (Standard Method 2500B) 
(APHA 1998) 

recording its empty weight prior to system operation. All volume measurements were m
weight using an electric balance. At the beginning of the column study, outflow volume was 
measured just prior to each dosing event. As conditions moved towards steady-state 
(continuously ponded), the frequency of monitoring decreased to twice per day and eventually 
once every 24 hours, four times per week. Percolate volumes were collected through the day 13
of column operation. 

Ponding Heights 

In all columns, during some point in operation, the application rate eventually exceeded the 
infiltration rate and ponding ensued. The level of ponding was perio

LR1 and LR2, and periodically in LR3 and LR4, ponding levels increased to the point of 
overflow (approximately 20 cm). 

Bromide Tracer Tests 

Bromide tracer tests were performed as described in the Multicomponent Surrogate and Tracer 
Tests section. 

Treatment Performance Monitoring  

Monitoring of water quality included sampling and analys
well as the percolate from each column. Sampling and a
conducted three separate days each week (Monday, Wednesday, and Friday). Sampling and 
analysis of the percolate from the columns was conducted at least once every two weeks, with 
more frequent sample collection and analysis during initial operation of the columns.  

Percolate samples were collected from the column outflow containers by pouring percolate from 
the container into precleaned 250-mL plastic bottles. All samples were labeled and stored at 
until analyses were performed within 24 hours of sample collection. To evaluate laboratory 
analysis methods, 10% duplicate sample analyses were performed. STE and percolate samples 
were analyzed for:  
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• Alkalinity—Measured using a Hach digital titrator with 1.6N sulfuric acid to a pH 4.8 
endpoint (Standard Method 2320B) (APHA 1998). 

• C OD)—Analysis f actor digestion, 
c US EPA-approved) (Ha 1

• T )—Measured according to APHA Standard Method 2540B. 

• Total suspended solids (TSS)—Measured according to APHA Standard Method 2540D. 

• N nd phosphorus)—Total n easured by persulfate 
digestion, nitrate nitrogen (NO3

-) by chromotropic acid method and ammonia nitrogen 
+ (Hach 1998). Total phosphorus (TP) was 

S EPA acid persulfate method (US EPA Method 365.2). 

ysis performed by membrane filtration according to APHA 

d Tracer Tests  

Three m  tracer tests were completed in each column during the 
course of the experiment, resulting in a total of 48 individual column tracer tests. Tracer test 1 

E loading, tracer test 2 was completed two weeks after the start of the 

 

ue 
are 

d in 

curves (BTC), provide information about travel times, 

 

• Carbonaceous biochemical oxygen demand (cBOD5)—Measured according to APHA 
Standard Method 5210B. 

 hemical oxygen demand (C per ormed using a Hach re
olorimetric method ( ch 998). 

 otal solids (TS

 

 utrients (nitrogen a itrogen (TN) was m

(NH4 ) by salicylate method (US EPA-approved) 
measured according to U

• Fecal coliform bacteria—Anal
method 9222D. 

Multicomponent Surrogate an

ulticomponent surrogate and

was completed prior to ST
STE application, and tracer test 3 was completed six weeks after the start of STE application. 
MS-2 and PRD-1 bacteriophages were added, in addition to bromide (as KBr), to the STE 
delivered to each column. This multicomponent mixture was applied to the columns for 3 to 14
days with percolate samples collected and monitored, initially four times per day (prior to each 
dose) and later once every 24 to 48 hours.  

The columns were dosed with MS-2 and PRD-1 at a target concentration of 1 × 107 pfu (plaq
forming unit)/mL and bromide at 500 mg-Br-/L. Results from the bacteriophage tracer tests 
described in Appendix B, Pathogen Transport-Fate Studies. Levels of bromide were measure
the percolate samples using a combination ion-selective epoxy electrode for bromide (Cole-
Parmer 2001) to estimate mean travel times under each loading regime. The concentration-
versus-time plots, or breakthrough 
dispersion within the columns, and heterogeneities that develop due to continued wastewater 
application.  

For each tracer test, a moment analysis was conducted to determine the mean travel time of the 
center of mass of bromide tracer in each column (Beach et al. 2005). Because LR3 and LR4 
were dosed four times per day, and thus did not receive a continuous pulse of tracer, the moment
analysis was not appropriate for these two loading regimes.  
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The Ke of the infiltrative surface zone was estimated from bromide tracer test travel times using 
Darcy’s Law (Beach et al. 2005). The hydraulic head gradient across a length segment was 9 cm, 
corresponding to the distance between the top of the biozone and the location of the shallowest 
TDR probe. The actual thickness of the biozone varied between 2 and 4 cm based on visual 
observation of soil discoloration, so the measured hydraulic conductivity is termed an “effective” 
hydraulic conductivity. The difference in head was calculated as the difference between the head 
at the top of the infiltrative surface and the head at the TDR probe location (9 cm below the 
infiltrative surface). 

After the first few weeks of operation, LR1 and LR2 experienced relatively consistent 
wastewater ponding at the level of their overflow ports. Ponding within LR3 and LR4 was erratic 
and unstable throughout the study precluding determination of Ke as described previously (for 

and LR2 provided a 
constant-head boundary condition at the top of each column. Therefore, the distance from the 
refe raulic head at the top of the 
infiltrative surface (pressure head equals zero at this location). The hydraulic head at the bottom 
of the infiltrative-surface zone (set to be the location of the 9-cm TDR probe) is equal to the 

ero at this location). This bottom pressure-head value was 
obtained from the TDR-measured water content at this location using water-retention curves 

e surface 

 from the travel times obtained from tracer tests 2 and 3 to account for only 
variations caused by changes in the hydraulic properties of the infiltrative surface zone 

d 
. 

h 

RD-1 bacteriophages. The results of the terminal soil samples are discussed in Appendix B, 
 and Van Cuyk (2003). 

details see Beach 2001). The stable ponding levels within LR1 

rence point to the top of the ponded water surface equals the hyd

pressure head (elevation head is z

measured in the same sand (Ausland 1998 and Beach et al. 2005).  

The travel time desired for this calculation is the travel time through the 9-cm infiltrativ
zone (L=9 cm). This travel time was approximated by subtracting the travel times for tracer 
test 1 (clean water)

(assuming the zone below did not experience significant hydraulic alteration). Ponding had not 
occurred in LR2 during tracer test 2 (week two), so the method could not be used. The compute
Ke for LR1 is based on an average ponding level (ranging from 1.5 to 20 cm) over three days
Consequently, there is more uncertainty for the values calculated during this tracer test than for 
those calculated from measurements made during tracer test 3 (week six) for which the ponding 
levels in LR1 and LR2 columns was relatively constant at the overflow-port level.  

Terminal Monitoring and Media Characterization  

After 138 days of operation, the columns were shut down and falling-head hydraulic 
conductivity measurements were made. Once drained, soil samples were taken at depth intervals 
of 0 to 3 cm, 5 to 8 cm, 10 to 13 cm, and 25 to 28 cm below the infiltrative surface within eac
column. Samples of the infiltrative surface (0 to 3 cm) were also collected at two locations. Soil 
samples were not taken from LR1 or columns 2D and 3B (experimentation was continued). 

The soil samples were analyzed for water content, TOC, fecal coliform bacteria, and MS-2 and 
P
Pathogen Transport-Fate Studies

 

C-12 



 
Biozone Development and WSAS Performance: Column Studies 

Results and Discussion 

The  detailed 
resu lications including:  

• Beach and McCray (2003) 

• Beach et al. (2005) • Siegrist et al. (2002) 

• Beach (2 • Van Cuyk (2003) 

in 00 , 20 y

• et al. (2005)  

Hydraulic Performance 

Hydraulic perform

•  moistur tent 

• -hea ureme

put measurements 

Soil Moisture Content  

Wa ontent m rements o tained fr DR wa ides po ed at th epths (  
and 35 cm) indicated initial vo etric water contents b 1). The 
increasing water content near the outlet for each colu pillary effects in th
san dia over  the laye f pea gr laced i bottom ch colu

During the course of column o eration, T easur ts were ned ev o hou
nts tended to stabilize and approach an equilibrium value as system operation 
igure C-3 illustrates this trend for 1A and 4C (all loading regimes have simila

trends; see Beach 2001). In several colum easured water content in the top 16 cm of the 
tact of the 

 

 following discussion summarizes the results from the 1-D column study. Note that
lts may be found in several pub

• McCray et al. (2000) 

001) 

ger et al. (2• Huntz 0, 2001a 01b) • Van Cu k et al. (2004) 

Lowe 

ance includes: 

Soil e con

 Falling d meas nts 

• Through

ter c easu b om T ve gu sition ree d 9, 16,
lum etween 5 and 20% (Beach 200

mn is attributed to ca e 
d me lying r o avel p n the  of ea mn. 

p DR m emen  obtai ery tw rs. 
Water conte
continued. F r 

ns, m
column increased to a value near saturation (30–35%) and may be attributed to con
TDR with the soil-clogging zone.  

In LR3 and LR4, the impact of the intermittent dosing events can be observed early in column 
operation with the rise of water content during and immediately following a dosing event and the 
decrease of water content between applications. After clogging-zone development and 
wastewater ponding, the effects of dosing events were no longer observed because wastewater
infiltration no longer occurred only during dosing events, but was continuous and controlled by 
the permeability of the biozone and height of ponding at the infiltrative surface. 

 

C-13 



 
Biozone Development and WSAS Performance: Column Studies 

 

0%

5%

10%

15%

20%

25%

30%

35%
W

at
er

 C
o

n
te

n
t (

%
)

0 20 40 60 80 100 120 14

Days  of Oper ation

0

1A M1

1A M2

1A M3

 

0%

0 20 40 60 80 100 120 140

Days o f Ope ratio n

5%

10%

15%

20%

25%

30%

35%

W
at

er
 C

o
n

te
n

t 
(%

)

4CM1

4CM2

4CM3

 

TDR Derived Volumetric Water Contents for Column 1A and 4C  

Falling-Head Measurements  

Hydraulic conductivity (K) values were determined using a falling-head test for all 16 columns 
before wastewater application and at the end of the experiment (mature-biozone tests) from the 
experimental data (Beach et al. 2005). Because the columns were saturated during the 
clean-water tests, the K values were equal to the saturated hydraulic conductivity (Ksat) values 
for each column.  

The clean-water Ksat values for all columns varied between 755 and 1,046 cm/day, with a mean 
value of 910 cm/day, a standard deviation of 84 cm/day, and a coefficient of variation equal to 
9%. To determine if there was a statistically significant difference between columns before 
applying wastewater, a Student t-test was performed on all possible pairs. Results indicated that 
there was no significant difference (at a 95% confidence level) in initial Ksat values between any 
combination of loading regimes. Therefore, the packing procedure was reproducible and all 
columns exhibited similar initial hydraulic properties before wastewater application. 

The Ke of the biozone at the infiltrative surface for LR1 and LR2 were then calculated from the 
falling-head measurements (Table C-3). These Ke values were assumed to apply to the biozone 
infiltrative surface because the low-permeability biozone controls the infiltration rate and overall 
hydraulic resistance (Beach et al. 2005). Because the exact thickness of the biozone was not 
known, several thicknesses, ranging between 2 and 4 cm, were assumed based on visual 
observation in the columns. Assuming the 3-cm thick biozone as the most representative case, 
the Ke values for all columns varied between 0.23 and 1.21 cm/day, with a mean value of 0.66 
cm/day, a standard deviation of 0.37 cm/day, and a coefficient of variation equal to 56%. 

 

 

      Note: Measurement depths are: M1 = 9 cm; M2 = 16 cm; and M3 = 35 cm 

Figure C-3 
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Table C-3 
Calculated Effective Saturated Hydraulic Conductivities of Infiltrative-Surface Zone 
Throughout Column Operation 

Ke of Infiltrative Surface Zone (cm/day) 

Tracer Tests Falling Head Prior to Shutdown 

Column 

Initial Ke 
of 

Columns Week 2 Week 6 
Week 20 

BZ = 2 cm 
Week 20 

BZ = 3 cm 
Week 20 

BZ = 4
Week 20 

 cm Average 

1A 911 20.07 0.34 0.28 0.39 0.49 0.39 

1B 755 4.97 0.45 0.45 0.63 0.79 0.63 

1C 869 3.5 0.65 0.51 0.71 0.88 0.70 

1D 983 2.5 0.25 0.16 0.23 0.29 0.23 

Average 879.5 7.76 0.42 0.35 0.49 0.61 0.49 

Coefficient 
Variation 0.11 1.07 0.41 0.46 0.45 0.44 0.45 

2A 935  0.69 0.90 1.22 1.50 1.21 

2B 763  0.76 0.84 1.15 1.42 1.14 

2C 881  0.36 0.53 0.71 0.85 0.70 

2D 929  0.28 0.20 0.27 0.34 0.27 

Average 877  0.52 0.62 0.84 1.03 0.83 

Coefficient 
Variation 0.09  0.46 0.52 0.52 0.53 0.52 

Note: The lack of measurable ponding in LR2 during the second test precludes calculation of Ke.  

 
d 

icating that the gravel-free infiltration rate exceeds that of the gravel-laden columns 
(Beach et al. 2005).  

The Ke for LR3 and LR4 was not computed using tracer tests. 
BZ = Biozone thickness 

To provide insight into the source of variability of the falling-head test results, two-way analyses
of variance with replication was completed (alpha = 0.05). The total variance of the falling-hea
data was decomposed into the variance associated with the factors (loading regime and 
infiltrative surface architecture) and their interactions (loading regime plus infiltrative surface 
architecture). Results show that while the loading regime had negligible effect on the infiltration 
rate (3% of the total variance), the infiltrative surface architecture (gravel-free versus gravel-
laden) significantly affected the infiltrative rate (64% of the total variance at a 97.6% confidence 
level). A one-tailed Student t-test showed that the two means are different at 98.3% confidence 
level ind
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The biozone formation caused a three-orders of magnitude reduction in Ke during the 20-week
experiment, and resulted in increased Ke variability among the columns compared to initial Ksat 
values and Ke at six weeks. Results of a two-way analysis of variance with replication of the Ke 
data, indicate trends similar to the observed falling-head infiltration rate trends. While the 
reduction in Ke may be due in part to unsaturated conditions (lowered relative permeability) as 
well as the reduced conductivity of the biozone (the biozone was at or near saturated throughout 
the experiment), water content measurements below the biozone were relatively uniform with
each column with no apparent relationship between water content and the Ke. Thus, the reduc
in Ke is primarily attributed to the low permeability of the biozone material. 

Throughput Measurements  

 

in 
tion 

s for each column decreased significantly during the course of 
ed to stabilize (Figure C-4).  
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Figure C-4 
Daily Throughput Rates for All Loading Regimes 
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The low point at day 14, appearing in all loading regimes, corresponds to the brief shutdown of 
the columns to drill aeration holes. In LR1 and LR n application rates were not 
initially achieved and may be attributed to the pum  
rate and/or blockage of the delivery tubing with suspended solids. The average hydraulic loading 
rate prior to ponding for each loading regime was 78% of the design rate for LR1, 82% of the 
design rate for LR2, 79% of the design rate for LR
decrease in throughput rate and ponding is attribut he 
column infiltrative surface. The rate of loss in colu ng 
rate with higher rates of loss observed in columns , which 
is consistent with biozone phenomena (Siegrist 19

The variability in column hydraulic performance, 
particular loading regime was higher when intermi ared to 

s 
ting 

, or 

The throughput data for the last 13 days of operations (days 119 to 131) were analyzed to 

 

 

o be negligible and each day was considered a replicate measurement of throughput 
during pseudo-equilibrium. Note that the pseudo-equilibrium rates computed for the 13-day 

trative surface types during a comparable 

 

the 
each surface type was determined (Alder and Roessler 1977, Snedecor and Cochran 

1980). The aggregate-free mean pseudo-equilibrium throughput rate was 8.5 cm/d (standard 
error of the mean = 0.89) compared to the aggregate-laden mean pseudo-equilibrium throughput 
rate of 3.5 cm/d (standard error of the mean = 0.49). The results indicate that the aggregate-free 
throughput rate exceeds that of the aggregate-laden columns. Further evaluation of the means 
using a two-tailed Student t-test revealed a significant difference in the mean aggregate-free and 
aggregate-laden throughput rates at a 95% confidence interval (alpha = 0.05) (Microsoft Corp. 
1999).  

2, the desig
ps set at a rate slightly less than the design

3, and 65% of the design rate for LR4. The 
ed to development of the biozone at t
mn throughput is related to the STE loadi
with higher loading rates of wastewater
87, Siegrist and Boyle 1987). 

as indicated by throughput rate, within a 
ttent dosing methods were used comp

continuous application of wastewater. In these intermittently dosed columns, wastewater wa
applied at a very high rate (1.1 L/min) for a 1- to 2-minute period, four times per day with res
and/or infiltration occurring between applications. Figure C-4, however, indicates that each 
column approached a similar steady-state throughput rate in the range of 2 to 10 cm/d, 
independent of loading method (continuous versus intermittent), design rate (25 to 200 cm/d)
infiltrative surface architecture (aggregate-free versus aggregate-laden).  

determine if the rate of change in throughput was negligible, so that each measurement day could 
be used as a replicate measurement for that column. Visual analysis of the graphical 
representation of the 13-day period suggested a pseudo-equilibrium steady state (Figure C-4). 
Linear regressions were conducted on the throughput rates for each column during this 13-day
period (Minitab Inc. 2000). A slope of zero indicated that the throughput rates had reached a 
pseudo-equilibrium steady state. While the throughput rates within each column varied during 
the 13-day period, this analysis suggested that a pseudo-equilibrium steady-state condition was
achieved in most of the columns (11 of 16). Therefore, changes in throughput rates were 
assumed t

period enable direct comparison between the two infil
period of operation and STE loading. 

The mean pseudo-equilibrium throughput rate for all aggregate-free columns was compared to
the mean throughput rate for all aggregate-laden columns (average of all throughput rates for 
each column with the same surface type during the 13-day period) and the standard error of 
mean for 
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To provide insight into the source of variability of the throughput rates, two-way analyses of 
variance with replication was completed (alpha = 0.05). The total variance of the throughput data 
was decomposed into the variance associated with the factors (loading regime and infiltrative 
surface) and their interactions (loading regime plus infiltrative surface). The factors and 
interactions were then ranked based on the magnitude of the mean squares and indicated that the 
infiltrative surface was the primary factor contributing to the variance in the throughput rate 
(69.5% of the total variance). There was nearly equal contribution to the variance due to the 
loading regime and the interaction of the loading regime plus infiltrative surface (17.5% and 
12.8%, respectively). There was little contribution to the total variance due to variation within 
the 13 replicate measurements of the throughput rate for each column (0.2% variance 
contribution to the total variance).  

Tre

The (STE) with average 
key constituents of:  

2 to 2.20 × 103 cfu/100mL 

re 

g/L 

In general all columns showed nitrification as illustrated by high initial concentrations of NH4
+ 

 

appears to have started in LR1 and LR2 between 30 and 40 days after startup and in LR3 and 
ing 

te percolate samples. 
 

atment Performance 

 wastewater applied to the columns was typical of residential wastewater 

• cBOD5 = 180 mg/L 

• TSS = 126 mg/L 

• Total N = 56 mg-N/L 

• Total P = 26.5 mg-P/L 

• Fecal coliform bacteria range =  2.0 × 10

As expected, a decline in cBOD5, TSS, nutrients, and fecal coliform bacteria concentrations we
observed in percolate samples (Lowe et al. 2005). After 30 days of operation, cBOD5 in 
percolate samples from all columns in LR1 and LR2 (continuously dosed) were less than 
10 mg/L and remained at this level for the duration of the study. cBOD5 in percolate samples 
from LR3 and LR4 (intermittently dosed) were less than 30 mg/L during the entire study. TSS 
concentrations in percolate samples from all loading regimes were reduced to less than 40 m
and remained relatively unchanged.  

declining over time, corresponding initially low NO3
- concentrations increasing over time, and 

decreasing alkalinity. Figure C-5 shows the nitrogen species for columns 2B and 4A, which are
representative of both the continuously-dosed and intermittently-dosed columns. Nitrification 

LR4 approximately 15 days after startup. The average TP concentration in the wastewater dur
the study was approximately 26 mg/L. Breakthrough of phosphorous appears to have occurred in 
LR1 and LR2, which is not surprising based on the high TP application rates in these loading 
regimes. Fecal coliform bacteria removal rates ranging from 62% to 100% (median removal rate 
of 99.4%) were observed in all of the columns over the duration of testing, based on 24-hour 
composi
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of 
to 

imately 639 mg/L with TS percolate 
concentrations remaining relatively unchanged compared to wastewater applied values. Little 

erved in the alkalinity of the applied wastewater, but percolate samples from all 
a decline in alkalinity during the length of the column operation with no 

hile 

alkalinity trends, infiltrative surface, 

To d to 
the  was 

mig
hist
tren ally directing all the flow to a second trench for a 

Mu

gra
fro cteriophage tracer tests are described in Appendix B, Pathogen Transport-Fate 
Studies.  

Figure C-5 
Representative Nitrogen Series, Columns 2B and 4A 

Other constituents of interest include COD, TS, alkalinity, and pH. The average concentration 
COD in the wastewater during the study was 457 mg/L. COD concentrations were reduced 
less than 100 mg/L in all column percolates during the duration of testing. The average 
concentration of TS in the applied wastewater was approx

variation was obs
columns showed 
significant difference observable between individual columns within each loading regime. W
slight depressions (approximately 0.8 to 1.2 pH units) in pH over time were observed in the 
percolate of several columns, they could not be correlated to 
or loading regime. 

evaluate the treatment performance, the ratio of the cumulative mass of constituent applie
column (Ma) to the cumulative mass of constituent detected in the percolate sample (Mp)

determined (Lowe et al. 2005). Observations indicate that while removal efficiencies might be 
less in systems receiving higher loading rates, ultimately a greater mass of target constituent 

ht be removed prior to the system reaching equilibrium conditions independent of operating 
ory. This suggests that alternative operating methods such as directing all of the flow to one 
ch for a given time period, then sequenti

given time period, and so forth may be more efficient in terms of mass removal of pollutants in 
WSASs. 

lticomponent Surrogate and Tracer Tests 

Figure C-6 shows representative bromide BTCs from LR2 for one gravel-free and one 
vel-laden column. Note that the BTCs for the other loading regimes were similar. Results 
m the ba
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Note: Column 2A is aggregate-free and column 2D is aggregate-laden 
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Figure C-6 
Bromide Breakthrough Curves During Tracer Tests 1, 2, and 3 From LR2  

t 
 

rease in concentrations after the peak 

 
um 

f wastewater application. In the third tracer test (week six), 

n 

puted mean travel time increased with each successive tracer test. The most significant 
ing 
o flow. 

 bromide tracer test travel times 

 Ke values after weeks 6 and 

The BTCs from tracer test 1 (clean water) were extremely similar for all columns, indicating tha
the hydraulic flow regimes prior to wastewater loading were similar. The bromide breakthrough
occurs rather quickly (less than 10 hours) with a dec
concentration had occurred. (Note: The drop in breakthrough concentration during tracer 
addition was due to a change in bromide concentration in the influent holding tank that occurred
when refilling the tank.) Also notable is a lack of tailing, which indicates that the porous medi
in the columns is relatively homogeneous.  

The BTCs for tracer test 2 is similar to that for tracer test 1, because the second tracer test was 
initiated after only two weeks o
breakthrough occurs later in all columns and significant tailing is observed. These changes are 
attributed to the biozone-development at the infiltrative surface with bromide retarded in the 
low-permeability biozone, increasing the time to observed breakthrough for the bromide pulse 
center of mass. This phenomenon also creates a heterogeneous system within the columns, 
wherein a low-permeability zone sits atop high-permeability sand causing additional dispersio
of the solute front and increased tailing of the BTC (Brusseau 1994).  

The com
increase occurred between the second and third tracer tests at which time continuous pond
developed in LR1 and LR2, indicative of biozone development and increased impedance t

The Ke of the infiltrative surface zone in LR1 estimated from
decreased, on average, by two orders of magnitude from week two to week six. For all columns, 
a reduction of between two to three orders of magnitude occurred between the Ke measured at 
system startup and the final measurements at week 20. The average
20 are similar for LR1 and LR2 with much of the reduction in Ke occurring over the first several 
weeks.  
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The similarities in final Ke values within LR1 and LR2 imply that under continuous application 
of the same STE and for a given sand media, a similar long-term hydraulic resistance of the 

 

ume loading of wastewater.  

development and 

e 

condition probably 

ons for LR1, LR2, and LR1 and LR2 combined, indicate that an 

Conclusions 

w and transport process 
dynamics in WSASs. The following conclusions are drawn: 

ntinuously loaded columns reached near 
steady values after less than three weeks of operation. Loading rate appears to have a 

, the Ke values for the infiltrative surface zone were 
generally less than 0.1% of the values measured prior to wastewater application for the 

• In the LR1 and LR2, the computed effective Ke of the infiltrative surface (biozone) for week 
. The similarities in Ke for LR1 and LR2 suggest that for a 

given sand media, STE, and application method, an equivalent long term hydraulic resistance 

ion, 
ate responses to wastewater that are meaningful at the field 

scale. 

infiltrative surface is reached regardless of initial hydraulic loading rate. Based on the results
from this study, an exponential equation may be used to relate the effective hydraulic 
conductivity of the infiltrative surface to the cumulative vol

Siegrist (1987) and Siegrist and Boyle (1987) suggested that the rate of biozone 
associated infiltration capacity loss are a function of the mass-loading rate of wastewater 
pollutants. The results from this 1-D column study support this hypothesis for a given soil typ
and STE. Once the biozone matures to the point of continuous ponding, the resulting hydraulic 
conductivity of the infiltrative surface may be somewhat independent of historical loading rates. 
In other words, two systems of the same soil type loaded under differing design rates may, over 
time, develop a similar hydraulic resistance at the infiltrative surface. This 
occurs because the biozone forms relatively quickly and thereafter controls the long-term 
infiltration rate. However, the transient values of Ke can be predicted from the cumulative 
volume of wastewater infiltrated. The relationship between Ke and cumulative volume of effluent 
wastewater (or volume throughput) was determined for LR1 and for LR2 (Beach et al. 2005). 
Similar exponential functi
exponential function can be used to approximate the Ke of the infiltrative surface based on 
cumulative volume of wastewater applied to the system. 

This research was performed to explore the biozone genesis and flo

• Ke values calculated for the biozone region in the co

negligible effect on Ke while infiltrative surface character has a significant effect on Ke. 

• After 20 weeks of wastewater application

higher loading regimes (LR1 and LR2), and were less than 1% of the original values for the 
lower loading regimes (LR3 and LR4). 

20 of operation were very similar

of the biozone may be reached regardless of hydraulic loading history. 

• Accelerated loading in the laboratory appears viable as a means of time-scale compress
while still producing infiltration r
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• Infiltrative surface architecture effects pseudo-equilibrium throughput rates with the 
aggregate-free throughput rate (8.5 cm/d) over two times greater than that of the 

 

 
ns had they been 

 less at higher loading rates. This factor suggests that alternative operating 

ore efficient in terms of pollutant mass removal. 

Alder, H. L. and E. B Roessler. 1977. Introduction to Probability and Statistics, Sixth Edition. 

n of 
entieth Edition. Clesceri, L. S., A. E. Greenberg, and A. D. Eaton 

(eds.). APHA-AWWA-WPCF, Washington, DC. 

o 

g to 
ment Systems. M.S. Thesis. 

Department of Geology and Geological Engineering, Colorado School of Mines, Golden, CO. 

al Modeling of Unsaturated Flow in Mature 
Wastewater Soil Absorption Systems.” Ground Water Monitoring and Remediation. 23(2),  

05. “Temporal Changes in 
Hydraulic Conductivity of Sand Porous Media Biofilters During Wastewater Infiltration: 

Bouma, J. 1975. “Unsaturated Flow During Soil Treatment of Septic Tank Effluent.” Journal of 

nts in Heterogeneous Porous Media.” 
Reviews of Geophysics. 32(3), 285–313. 

aggregate-laden columns (3.5 cm/d). While the pseudo-equilibrium rates computed for the
13-day pseudo-equilibrium period enable direct comparison between the two infiltrative 
surface types with a comparable period of operation and wastewater loading, these rates may
not necessarily be equal to the final long term acceptance rate of the colum
operated for years. 

• Columns receiving higher loading rates removed a higher total cumulative mass of the target 
constituents in wastewater prior to loss in throughput rates even though the treatment 
efficiency may be
methods for WSASs such as directing all of the flow to one trench for a given time period, 
then sequentially directing all the flow to a second trench for a given time period, and so 
forth may be m
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 diameter concrete chamber for 

Figure D-1 
Phase 1 Septic Tank and Effluent Vault at Mines Park 
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To facilitate onsite wastewater system testing, research, and 
field-scale experimentation, the Mines Park Test Site was installed on the Colorado School of 
Mines (CSM) campus with support from several entities including private
organizations, and local, state, and federal government agencies. Field testing was initiated at the 
Mines Park Test site using three-dimensional (3-D) test cells to evaluate the dynamic and 
interdependent behavior of b

t in wastewate sys ems (WSASs). Information 
ing this testing will be us

nalysis Risk Managemen
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 algorithm, HYDRUS 2-D mework (WARMF) 
tion rate loss mod gr st 1987). 
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Rou oring indicates that the septic tank effluent (STE) is typical of residential STE 
con le D-1). 

Table D-1 
nt Co Mines  Ta

Parameter Units Average No. of 
Samples 

Std. Dev. Coeff. Var. Range 

tine monit
taining appreciable concentrations of pollutants (Tab

Efflue mposition of Park Septic nk Effluent1 

pH – – 14 – 7.20  – 6.19–

Alkalinity /L 209 17 0 mg CaCO3 14 .0 0.081 165–26

TS mg/L 585 20 54.7 0.093 380–670 

TSS mg/L 60 12 10.9 0.181 0–160 

COD 504 20 71.7 0.142 400–977 mg/L 

cBOD5 mg/L 276 1 22 2 2 .4 0.081 200–47

Total N mg-N/L 60.0 2.95 –78 14 0.049 36

Nitrate N 13 0.317 0.196 <0.05–6 mg-N/L 1.62 

Ammonium N /L 5 16 5 2 mg-N 3.7 .64 0.105 45.8–6

Total P /L 5 3.012 11.0 mg-P .37 12 0.561 0.7–

Fecal coliform 
 

 mL 19 +E7
bacteria

cfu/100 –  – – 5.1+E4–1.5

1Based on STE grab samples from the discharge of the second tank, March – September 2001. 

 involved establishment of a field research area to enable 

This section provides information on materials and methods, including: 

 Site selection and evaluation 

• In situ test cell installation and setup 

• Monitoring 

Phase 2, initiated during 2002,
controlled field testing of OWS methods and technologies. A site evaluation of the research area 
was completed during Spring 2002 (Lowe and Siegrist 2002). Field experiments to evaluate the 
performance of WSASs as affected by infiltrative surface character and loading rate in an 
Ascalon sandy loam soil were initiated during Fall 2002 with installation of 40 in situ test cells 
representing a pilot-scale soil absorption trench. A set of test cells also received tap water as a 
control. 

Materials and Methods 

•
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Site Selection and Evaluation 

Initially, a site evaluation was conducted to assess the natural site and soil features critical to the 
design and performance of onsite wastewater treatment processes (Lowe and Siegrist 2002). This 
evaluation included: 

• Inspecting soil profiles within two backhoe test pits 

• Drilling and collecting soil samples from nine soil borings from ground surface to up to 22 
feet (6.7 m) below ground surface 

• Installing seven shallow groundwater observation wells 

• Conducting percolation tests as prescribed by local OWS regulations 

In addition, subsurface soil lithology and color were recorded for soil samples collected from the 
boreholes and analyzed for: 

• Water content • Nutrients • Percent sand/silt/clay 

• Total organic carbon – Total nitrogen • Grain size distribution 

• Organic matter – Nitrate-nitrogen • Cation exchange capacity 

• pH – Ammonia-nitrogen  

• Potassium – Available potassium  

In ell Installation and Setup 

Initial testing at the Mines Park test site was initiated in July 2002 to evaluate under field 

, 

Situ Test C

conditions, the performance of WSASs as affected by infiltrative surface character and hydraulic 
loading rate in a sandy loam soil. Pilot-scale test cells were installed to mimic a typical OWS 
comprised of a soil absorption trench used to treat domestic STE. For this study, a replicated 
factorial design (22) was employed to evaluate three infiltrative surface architectures (open
stone, and synthetic) and two loading regimes (LR). Each condition, representative of feasible 
field conditions, was replicated five times (Table D-2) (3 infiltrative surface architectures × 2 
loading regimes × 5 replicates = 30 test cells) (Tackett et al. 2004).  
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Table D-2 
Experimental Conditions for the Test Cell Operation 

Loading 
Regime Test Cell ID 

Infiltrative 
Surface 

Architecture 

Exp. Design 
HLR Loading Method Features 

T1C1, T1C4, T2C2, 
T2C5, T3C3 Stone 

T1C2, T1C5, T2C3, 
T3C1, T3C4 Open 

LR1 

T1C3, T2C1, T2C4, 
T3C2, T3C5 Synthetic 

4 cm/d 
(12.1 L/d  

per test cell) 

STE with simulated gravity 
application; continuously dosed 

over 16 hr at 22 mL/min. 

T1C6, T1C9, T2C7, 
T2C10, T3C8 Stone 

T1C7, T1C10, 
T2C8, T3C6, T3C9 Open LR2 

T1C8, T2C6, T2C9, 
T3C7, T3C10 Synthetic 

8 cm/d 
(24.2 L/d  

per test cell) 

STE with simulated gravity 
application; continuously dosed 

over 16 hr at 44 mL/min. 

TCC1 Stone 
Control 

TCC2 Open 

4 cm/d 
(12.1 L/d  

per test cell) 

Tap water with simulated gravity 
application; continuously dosed 

over 16 hr at 22 mL/min. 

TCC3 Stone 
Control 

TCC4 Open 

8 cm/d 
(24.2 L/d  

per test cell) 

Tap water with simulated gravity 
application; continuously dosed 

over 16 hr at 44 mL/min. 

Not  to 4.6 cm/d for LR1 and 6.3 to 7.7 cm/d for 
LR2; HLR = hydraulic loading rate 

e 1 (LR1) receives 4 cm/d of STE delivered continuously to the test cell during a 
16-hour period each day via a single orifice in the center of the cell. Loading regime 2 (LR2) 

 
 six 

t 

e: Average loading rates after eight months of operation were 3.8

Loading regim

receives STE in the same fashion but at a design rate of 8 cm/d. By loading the test cells at daily
hydraulic loading rates of 4 or 8 cm/d compared to the regulatory prescribed rate of 2 cm/d,
months of daily operation are anticipated to reflect periods of operation equivalent to 
approximately two and four years, assuming all of the applied STE is processed through the tes
cell. In addition, six test cells were installed for ancillary testing. Finally, for control purposes, 
four test cells were installed and loaded with tap water (Table D-2). A total of 40 in situ test cells 
were installed (30 test cells + 6 ancillary cells + 4 controls) (Figure D-2). 
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Tap Water

Basin

Pump

Ancillary Trench

C1      C2     C3      C4

C1      C2     C3      C4     C5      C6

        No e: ISA = infiltrative surface architt ecture 

ide 
imately 835 in.  (approximately 5,385 cm ) of bottom area infiltrative surface 

(Figure D-3). Test cells were installed within a trench with the infiltrative surface (bottom of the 

st 
 

eters were nested within the same borehole using a native soil 

 and prepared in a similar fashion to remove any 
anomalous features and ensure replicate testing conditions between test cells. The infiltrative 
surface of the ancillary test cells was not modified and is assumed to be representative of an 
OWS system installed at a typical residence. 

Figure D-2 
Schematic Detail of Experimental Layout. 

Each test cell is approximately 26.5-in. long (approximately 67.3 cm) by 31.5-in. (80.0 cm) w
providing approx 2 2

trench) located at approximately 30 in. (76 cm) below ground surface. To avoid potential 
hydraulic cross connection between test cells, each test cell was separated from the adjoining te
cell by approximately 12 in. (30.5 cm) as well as end plates that were installed and sealed to the
trench bottom and walls using a native soil slurry and bentonite. Stainless-steel suction 
lysimeters were installed at 2 feet. (61.0 cm) and 4 feet. (122 cm) below the infiltrative surface 
within a 2-in. diameter borehole in 20 test cells (three replicate conditions plus two control test 
cells) (Tackett 2004). The lysim
slurry filter pack around the lysimeter and a bentonite seal between the two depths. During 
lysimeter installation, care was taken to avoid disruption of the infiltrative surface (the drilling 
rig was not driven on the trench bottom).  

Prior to establishment of individual infiltrative surface architectures, the infiltrative surface for 
each test cell was examined, photographed
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Access ports were installed for inspection of the infiltrative surface and for collection of intact 
soil cores. Finally, the test cells were backfilled, compacted and the site graded to minimize 
surface-water ponding due to rainfall and snow. 

Open Stone SyntheticOpen Stone Synthetic

Figure D-3 
Cross-Section View of Trench With WSAS Test Cells 

Monitoring 

Following test cell installation, baseline infiltration rates were measured using a constant-head 
permeameter (Hargett et al. 1982, Siegrist 1987). At least three infiltration rates tests were 
conducted for each test cell using a 2.5-cm head at the soil infiltrative surface. Test cells were 
then loaded with clean water for seven weeks to establish equilibrium flow conditions prior to
loading with STE. During clean-water loading, a multisurrogate tracer test was conducted (Van 
Cuyk et al. 2001b). During m

 

ulticomponent tracer and surrogate testing, bromide (approximately 
2000 mg-Br/L) and MS-2 and PRD-1 bacteriophages (approximately 107 PFU/L) were added to 

ivery basin and applied to the test cells during loading for 14 days. Samples 
were collected daily (24-hour-composite samples) from each lysimeter within the test area. 

 

the clean-water del

Bromide samples were analyzed using an ion selective probe and MS-2 and PRD-1 
bacteriophage assays were made following the plaque-forming-unit (pfu) technique (Escherichia
coli and Salmonella typhimurium host, respectively) described by Adams (1959). 
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Loading of the test cells with STE began on May 5, 2003. STE from a nearby multifamily 
housing unit is being used and is the same STE used in previous research at CSM (Siegrist et al. 
2002, Van Cuyk et al. 2001a). The STE is representative of a medium- to strong-effluent (Tabl
D-1). STE is pumped from the existing interception tank near the housing unit to a delivery b
located at the Mines Park Test Site. From this delivery basin, STE is delivered to individual te
cells at the prescribed loading rates of 4 and 8 cm/d (Figure D-1).  

e 
asin 
st 

Grab samples of the STE are collected from the delivery basin approximately weekly and 
nalyzed for a suite of parameters including (APHA 1998, Hach 1998):  

• pH • Total solids 

• Alkalinity • Total suspended solids 

• Carbonaceous biochemical oxygen demand • Nutrients (nitrogen and phosphorus) 

• Chemical oxygen demand • Fecal coliform bacteria 

The volume of STE applied to each test cell is measured every one to two weeks by recording 
pumping rate and pumping duration. The infiltration rate (cm/d) of the infiltrative surface of each 
test cell was measured prior to effluent application, after one month of operation, and will be 
measured after 12 months of operation using a constant-head technique (Hargett et al. 1982, 
Siegrist 1987).  

Measurements of the occurrence and magnitude of ponding of the infiltrative surface are made 
every one to two weeks using an observation port installed in each test cell. Soil-pore water 
quality in the vadose zone was collected using stainless-steel suction lysimeters after one, two, 
three, four, five, and nine months of operation. Soil-pore water samples were analyzed for pH, 
alkalinity, dissolved organic carbon, and nutrients (nitrogen and phosphorus) (APHA 1998, Hach 
1998).  

During the spring and summer of 2004, a second multicomponent surrogate tracer test will be 
conducted. Similar to the clean-water tracer test, bromide (approximately 1,500 mg-Br/L) and 
MS-2 and PRD-1 bacteriophages (approximately 107 PFU/L) will be added to the STE delivery 
basin and applied to the test cells during loading. Samples will be collected daily (24-hr 
composite samples) from each lysimeter within the test area and analyzed using the methods as 
des

Routine field monitoring includes measurement of  

• Applied effluent composition 

• Applied effluent hydraulic loading rate 

• Hydraulic behavior of the soil infiltrative surface (infiltration rate changes, ponding 
occurrence and magnitude) 

• Soil-pore water quality 

a

cribed for the clean-water tracer test.  
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After a period of tracer addition (7 to 10 days), duplicate intact cores may be collected from ea
test cell and analyzed for the presence of the tracers at selected depths below the infiltrat
surface (0 to 4, 13 to 17, 28 to 32, and 58 to 62 cm). Analyses of the soil samples at multiple 
depths may also be made for morphology and water content, total organic carbon, nutrients, and
fecal coliform bacteria.  

Data analysis will enable assessment of the time-dependent changes in soil infiltration rates 

ch 
ive 

 

as 
affected by infiltrative surfac r and effluent load
Snedecor and Cochran 1980). Analysis of a equilibrium infil t  system 
m ANOVA a tistical 
tests (Sieg 2). Analysis of variance and other sta leted 
t s ces or trend b pertie st 
cells and the different experimen c

Results and Discussion 

al of the site evaluation described herein was to ensure that 

tely 
elevations of 5,970 and 

,980 feet (1,820 to 1,823 m) above mean sea level. Surface water drainage in the immediate 
rally to the east-southeast toward the small 

nnamed drainage.  

oil Conditions  

eneral soil characteristics for Mines Park were initially assessed from the US Department of 
Agriculture (USDA) Soil Conservation Survey (SCS) report (USDA 1983). Soils at Mines Park 
re reported to be primarily Ascalon sandy loam (mixed, mesic Aridic Argiustolls). The parent 

materials are generally derived from igneous and metamorphic rocks of the mountains and 
dimentary rocks of the foothills. 

e a chitecture ing (Minitab, Inc. 2002 and 
tra ion rates achieved after

aturation will be assessed by analysis of variance ( ) nd other appropriate sta
rist et al. 200

o a sess any differen
tistical tests will also be comp

s with depth and between the tes o served in soil pro
tal onditions.  

This section provides results and discussion relevant to: 

• Field Site Characteristics 

• Baseline Characterization 

• Performance 

Field Site Characteristics 

Based on the site characteristics and soil conditions observed, the site southwest of the Mines 
Park housing complex was judged to be suitable for wastewater treatment and reclamation 
research while satisfying the general goal of public health and environmental protection. An 
important note is that the specific go
high groundwater or low permeability of the subsurface native material would not diminish the 
soil treatment efficiency of proposed in situ test cells.  

The general topography across the site exhibits an easterly aspect with a slope of approxima
five to seven percent with the natural soil surface elevation between the 
5
area follows the landscape topography and is gene
u

S

G

a

se
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The typical soil profile includes a neutral, grayish-brown and dark grayish-brown sandy loam 
surf cm), with a mildly alkaline, brown sandy clay loam (7 to 11 in., 
18 to 28 cm) and moderately alkaline, very pale brown sandy loam (11 to 18 in., 28 to 46 cm) 
subsoil layer, and a substratum of mildly alkaline and moderately alkaline, very pale brown 
sandy loam and gravelly sandy loam 60  is soi vi
moderate pe abil  t c in )

l soil profiles exposed in two backhoe test pits and nine soil 
gs was uc ccor  to a ted p dure SD 1; 19 S EP

1991). Backhoe test pit #1 (BTP1), located in the northwestern portion of the site, revealed soil 
s th re g ral inat  unc lida san m soils with little bedding 

 and macropores (Figure D-4). Roots were observed as 
n zon rom  to highly weathe
m)  g d surface (bg e s trix r o an er

in the 7YR4/4 range with soil mottling absent and of the weathered igneous rock generally in the 
R5/4 ra

ace layer (0 to 7 in., 0 to 18 

 (18 to 
e depth

 in., 46
o bedro

to 152 cm
k of 60 

). SCS l
. (1.5 m

ts the 
. 

l as ha ng 
rme ity and an averag

Morphologic inspection of the natura
borin cond ted a ding ccep roce s (U A 198  SSSA 86; U A 

condition at a ene ly dom ed by onso ted, dy loa
structure
transitio

/or 
e f

deep as 3 feet (1 m) and a 
 sandy loam red, friable igneous rock was observed at 5.5 

feet (1.7 below roun s). Th oil ma  colo f the s dy loam was gen ally 

2.5Y nge.  

 

 
Figure D-4 
Soil Test Locations 
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Backhoe test pit #2 (BTP2), located in the southeastern portion of the site, revealed a six-inch 

f 
orings at 2 feet (60 cm) intervals and analyzed for: 

• tent • Nutrients • Percent sand/silt/clay 

• e distribution 

 fine sand  
(2 mm to 0.075 mm), and 1.3 to 9% (average 3%) was silt and clay (less than 0.075 mm). The 
grain size distribution was exceptionally uniform across the site with a general trend of 
increasing sand particle size with depth. To better define the silt and clay fractions, percent 
silt/sand/clay analysis was determined by hydrometer analysis. Results from this analysis 
revealed sandy loam soil texture across the site.  

Total percent organic matter in the upper 10 feet of soils ranged from 0.1 to 1.4% (average 0.6%) 
with a general trend of decreasing organic matter with depth. Cation exchange capacity ranged 
between 2.5 and 22.1 meq/100 g dry soil (average 8.2 meq/100 g dry soil) and was relatively 
constant across the site.  

As expected, soils with higher clay content had a slightly higher cation exchange capacity. Other 
properties of interest include pH, total nitrogen (TN), ammonia-nitrogen (NH4-N), nitrate-
nitrogen (NO3-N), available phosphorus and potassium (avail. P and K), and exchangeable 
calcium and magnesium (exch. Ca and Mg) (Table D-3).  

 

 

 

 

 

 

layer of sandy loam underlain by highly fractured, weathered siltstone. Observations of 
subsurface lithology in the nine soil borings revealed similar soil conditions with sandy loam 
soils ranging from approximately 2 feet (60 cm) thick in the southwestern portion of the site to 
approximately 6 feet (1.8 m) thick in the northern portions of the site. The transition zone to 
weathered igneous rock was encountered at each location underlying the sandy loam. Samples o
soil materials were collected from soil b

Water con

Total organic carbon – Total nitrogen • Grain siz

• Organic matter – Nitrate-nitrogen • Cation exchange capacity 

• pH – Ammonia-nitrogen  

• Potassium – Available potassium  

Grain size distributions for the sand fraction were determined by sieving dry soil and weighing 
the various sand fractions. Results indicated that 9 to 52% (average 24%) of the soil was coarse 
sand to fine gravel (greater than 2 mm), 46 to 85% (average 73%) was medium to
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Table D-3 
Summary of Soil Properties 

)  pH 

Org. 
Mat. 
(%) 

TN 
(ppm) 

NH4-N
(ppm) 

NO3-N
(ppm) 

Avail. P
(ppm) 

Avail. K
(ppm) 

Exch. 
Ca 

(ppm) 

Exch. 
Mg 

(ppm) 

CEC 
(meq/
100 g

High 9.1 1.4 585.7 32.2 1.5 26.0 322.0 3770.0 440.0 22.1 

Low 5.2 0.1 6.8 1.9 0.5 1.0 50.0 310.0 70.0 2.5 

Average 7.3 0.5 124.0 5.2 0.7 4.4 117.3 1214.8 232.4 8.2 

Median 7.4 0.5 77.4 3.7 0.6 2.5 109.0 1005.0 230.0 6.8 

Std Dev 1.01 0.33 138.41 4.93 0.19 4.80 46.62 791.94 113.31 4.67 

CV 0.14 0.64 1.12 0.94 0.28 1.10 0.40 0.65 0.49 0.57 

Subsurface Conditions 

e test pits 

n ) 
bgs during sam . Shallow groundwater observation wells were 

loca , based on 

  
corner) acro

y 
yea  
in t outheast portion of the site at depths greater than 5 
feet (1.5 m) bgs.  

ed at four locations yielding an average percolation rate of 15.5 
minutes per inch. Tests were preformed on 4-in. (10-cm) diameter holes at a total depth of 3 feet. 

round surface. Each hole was filled with water to at least 14 in. (36 cm) for 20 to 
o testing. Following saturation of the test hole, the time for the water to drop 1 in. 

umber 
l rates 

No saturated conditions, either perched or continuous, were observed in the two backho
or eight of nine soils borings. In the southeastern corner of the site located closest to the 
un amed surface drainage, continuously saturated conditions were observed at 16.5 feet (5 m

pling of soil borings in April 2002
installed at seven soil boring locations. After installation, groundwater was present at two 

tions at 9.44 feet (2.88 m) bgs and 14.37 feet (4.38 m) bgs. Soil moisture content
dry weight, was determined at each borehole location at 2 feet (60 cm) intervals to approximately 
20 feet (6 m) bgs. Results indicated no marked change with depth (excluding the southeastern

ss the site with most values ranging between 4 and 9%, dry weight basis. While it is 
acknowledged that these groundwater observation wells were installed during an unusually dr

r, mottling indicative of high groundwater was limited across the site. Mottling was observed
hree of the nine borings all located in the s

Percolation tests were conduct

(1 m) below g
24 hrs, prior t
(2.5 cm) within the lower 6 inches (15 cm) of the hole was measured and recorded as the n
of minutes per inch drop (min/in). Comparison of the individual rates and the average of al
together to the boundary range of 5 and 60 min/in, indicates that the site is suitable for 
conventional soil absorption of STE. While conventional percolation tests are widely recognized 
as a poor measure of soil hydraulic capacity, tests were completed as required in the Jefferson 
County Regulations (Jefferson County 1999) and the results provide a relative measure of 
hydraulic capacity across the site.  
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Baseline Characterization 

Baseline infiltration rates were measured within each test cell using a constant-head permea
(2.5-cm head at the soil surface). A minimum of three tests were completed for each test cell 
with more than 800 measurements made across the site. Based on these tests, the infiltration rate
of the soil was consistent across the site with an average infiltration rate of 41.8 cm/d (stan
deviation of 20.8 cm/d) (Figure D-5).  

meter 

 
dard 

Baseline Infiltration Rate Summary
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ure D-5 
Baseline Infiltration Rates Measured by Constant-Head Permeameter 

Results indicated consistent soil properties 
across the site with peak bromide tracer concentrations observed at 2 feet below the infiltrative 

 
tracer/surrogate addition at 4 feet below the infiltration surface. In each case the bromide curve 

 
ating a high 

removal of the bacteriophage by the soil due to either inactivation or adsorption. 

 
Fig

Prior to wastewater loading to the test cells, a clean-water multicomponent surrogate and tracer 
test was conducted to evaluate baseline travel times. 

surface at approximately 5 days after tracer/surrogate addition and at approximately 14 days after

showed a similar increasing trend during addition and decreasing trend after tracer addition was
terminated. Bacteriophage was sporadically detected in the lysimeter samples indic
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Preliminary Clean Water Tracer Results
Lysimeters at 4ft below infiltrative surface
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Figure D-6 
Clean-Water Bromide Tracer Test 

addition
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Performance 

Within approximately one month of operation with STE design application at 4 or 8 cm/d (2× or 
4× times the design rate for this soil type, actual rates ranged from 3.8 to 4.6 cm/d and 6.3 to 7.6 
cm/d, respectively), the soil infiltrability had declined and continuous ponding was present 
indicating the development of a biozone (Siegrist and Boyle 1987). This loss in infiltration rate 
was consistent with that expected based on a priori predictions made using the model of Siegrist 
(1987), which predicts infiltration rate loss as a function of cumulative mass loading of total 
BOD and TSS. Based on a STE composition with BOD = 275 mg/L and TSS = 60 mg/L and a 
hydraulic loading rate of 4 cm/d, model predictions revealed that the loss in infiltration rate 
would lead to ponding of the infiltrative surface after approximately two months of operation, 
while at 8 cm/d this was anticipated to occur after one month. Comparison of infiltration rates 
measured using a constant-head permeameter prior to STE application and after one month of 
operation revealed a 60 to 85% reduction in infiltration rate (Siegrist et al. 2004). 

Assessment of the treatment performance as measured by collection and analyses of soil-pore 
water quality using stainless-steel suction lysimeters at 2 feet and 4 feet below the infiltrative 
surface is ongoing.  

Based on monitoring completed to date, the following behaviors have been observed:  

• Phosphorus removal has remained near 100% for both loading rates and all infiltrative 
surface architectures.  

• Near complete nitrogen removal was observed initially, but has declined as there was an 
increase in NO3

- concentrations due to nitrification in the shallow vadose zone.  

• Samples collected after seven months of operation at the 60-cm depth showed on average 
approximately 95% removal of DOC for 4 cm/day and approximately 90% for 8 cm/day. 

• Test cell infiltrability declined sufficiently that intermittent or continuous ponding of the 
infiltrative surface evolved after one month or so of operation, but this has had no apparent 
effect on effluent purification processes.  

Results from lysimeter sampling conducted during the first nine months can be found in Tackett 
2004 and Tackett et al. 2004. 

Summary 

The Mines Park Test Site was established on the CSM campus in 2002 to facilitate onsite 
wastewater system testing, research, and education through controlled field-scale 
experimentation. Site evaluation completed in spring 2002 deemed the area as suitable for 
wastewater treatment and reclamation research while satisfying the general goal of public health 
and environmental protection. Installation of the in situ test cells was completed in fall 2002 with 
operation and monitoring of the 40 in situ test cells expected to continue through spring/summer 
2004. Preliminary results from baseline infiltration rates and the clean-water tracer test indicate 
that the soil conditions across the site are comparable.  
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Testing to evaluate wastewater treatment in WSASs as affected by infiltrative surface character 
and loading rate in a sandy loam soil is ongoing. Preliminary results indicate that within 
appro  one month of operation, the soil infiltrability had declined and continuous 
ponding was present. A previously determ l (Siegrist 1987) was 
usefu e months of operation, 
high r
hydraulic behavior of test cells under the design conditions, and treatment performance will 
continue to be monitored through summer 2004. It is recommended that results from this work 

 

American Public Health Association (APHA). 1998. Standard Methods for the Examination of 
Water and Wastewater, Twentieth Edition. Clesceri, L. S., A. E. Greenberg, and A. D. Eaton 

WA-WPCF, Washington, DC. 

. 

ard 

d to Jefferson County Department of Health and Environment. 
Colorado School of Mines, Golden, CO. June 2002. 

ftware, Release 13. State College, PA. 16801–3008.  

ximately
ined infiltration rate loss mode

l to predict this observed infiltration rate loss in the field. After nin
emoval rates of nutrients and carbon were observed. Changes to the soil properties, 

be used for biozone genesis modeling (HYDRUS 2-D) and refinement to the WARMF biozone
algorithm. Publications describing the testing at the Mines Park Test Site will be forthcoming in 
conference proceedings and journals. 
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E WATER QUALITY MONITORING 

The goals of the water quality monitoring effort described in this appendix are three fold. The 
first goal was to complete a surface water quality assessment of the Dillon Reservoir study area. 
This assessment included analysis and interpretation of both spatial and temporal trends and a 
comparison of the water quality data gathered in the study to surface water quality standards. The
second goal was to determine what, if any, are the effects of onsite wastewater systems on 
surface water quality. The third and final goal was to produce a water quality database that could 
be used 

 

to enable watershed modeling efforts completed as part of this project. This appendix 

t to a wastewater soil absorption system (WSAS) (Crites 
and Tchobanoglous 1998; Siegrist et al. 2001; US EPA 1980; US EPA 2002). Some treatment 

urnish the majority of the wastewater treatment by 
ation, chemical reactions, and biological 

ation 
 

ether 

 

summarizes the water quality monitoring activities completed while further details may be found 
in Guelfo (2003). 

Background 

Types of onsite wastewater systems (OWS) vary, but in most cases OWS refers to a septic tank 
pretreatment unit that disperses effluen

occurs in the tank, but the WSAS must f
various processes occurring including filtr
transformations (Hagedorn et al. 1981; Siegrist et al. 2001). When installed and maintained 
correctly, septic systems can provide adequate treatment of domestic wastewater. However, in 
recent years there has been an increase in septic system densities in some areas (Harman et al. 
1996). This coupled with systems that are aging, poorly maintained, or poorly designed has 
caused increased concern over the ability of OWS to protect the underlying groundwater (Canter 
and Knox 1984; US EPA 1980). 

OWS and Watershed Water Quality 

In most cases, septic tank effluent (STE) is discharged to a WSAS and not directly to surface 
waters (Patrick 1988; US EPA 1980). Assuming that this is the case, surface water contamin
by OWS will be through discharge of contaminated groundwater to surface water bodies. Jones
and Lee (1979) offer several considerations with regards to the potential for contaminated, 
discharged groundwater to affect the quality of surface water. The first consideration is wh
or not there is any interaction between groundwater and surface water that will allow the 
contaminants to enter the surface water system.  

Second, if interactions are present and contaminants are discharged to tributaries, there is some
chance that uptake or settling out will occur prior to that stream flowing to a lake where 
contaminant accumulation could occur.  
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The third consideration involves the case of contaminants entering a lake through groundwater 
discharge. If groundwater discharge occurs below stratification in the lake, contaminants may be
trapped, for example, in the hypolimnion.  

Fourth, is the importance of determining the limiting nutrient because, for example, if nitrogen is 
the limiting nutrient, then discharge of excess phosphorous will not be of as much concern. 

In many cases, n

 

utrient trends observed in surface waters have the potential to be caused by 
tu es occurring  t e riparian zone) (Hill 1996). 

 may also aff  sed alize what 
t  are present t t ds th ant to 
d me of these processes.  

Riparian Zones 

 
ll 

 
ocesses discussed in the 

following sections are meant to be concerned with subsurface flow, though some may extend to 

n 
ill 

tation 
may tend to use more nitrate during the summer when peak growing season occurs (Hill 1996). 

rm climates seasonal variation may not be an issue. Many experts think 
that denitrification is the most important removal process of nitrate in the riparian zone 

s 
of 

 significant sink for nitrogen in wetlands (US EPA 2000).  

na ral process in and around the stream sys em (in th
Such processes
po ential forces

ect nutrient trends cau
ha cause nutrient tren

 by OWS. In order to fully re
in is study area, it is import

un erstand so

A riparian zone is defined as, “the strip of land between the stream channel and hillslope…” 
(Hill 1996). There has been extensive research done on the ability of riparian zones to reduce the
effects of nonpoint source pollution from various activities (such as agriculture, OWS) (Hi
1996). Riparian zones are known most for their ability to remove nitrate-nitrogen, but some 
research has been done on the removal of sediments and phosphorous as well. Riparian zones
can affect the quality of both surface runoff and subsurface waters. Pr

the surface runoff as well. 

Most literature agrees that the primary removal mechanisms of subsurface nitrate in the riparia
zone are vegetation uptake and denitrification (Gilliam 1994; Hill 1996; Vought et al. 1994). H
points out that denitrification results in permanent removal of the nitrate from the riparian zone, 
while nitrate used by plants will eventually be released back to the soil when the plant 
decomposes (Hill 1996). In some cases this release could cause an increase in nitrogen levels 
(US EPA 2000). Other considerations regarding plant uptake of nitrate in the riparian zone 
include the potential for this mechanism to be seasonal in its magnitude. For example, vege

On the other hand, in wa

subsurface waters (Hill 1996; Vought et al. 1994).  

The process of denitrification reduces nitrate to nitrite, which is further reduced to gaseous form
of nitrogen (Hill 1996). Denitrification relies on anaerobic soil conditions and a ready supply 
nitrate and organic carbon (Hill 1996). One final process that may occur in riparian wetlands is 
nitrogen fixation (US EPA 2000). This process can occur under both aerobic and anaerobic 
conditions, and can be a
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The removal of phosphorous from groundwater in the riparian zone has not been researched as 
thoroughly as nitrate. Removal of phosphorous has been documented, but studies have foun
riparian zones to be much more efficient at nitrate removal (Gilliam 1994; Vought et al. 1994)
Some studies have found that most of the phosphorous removed in the riparian zones was 
associated with sediment (Gilliam 1994). Riparian zones tend to be exceptionally efficient at 
sediment removal (Gilliam 1994), so it naturally follows that phosphorous associated with 
sediment would be removed as well. Other potential mechanisms for phosphorous removal i
riparian zones are similar to those already discussed for phosphorous removal in a WSAS. 
Vought et al. (1994) pointed out that there could be conflicting conditions necessary fo
and phosphorous removal in the riparian z

d 
. 

n the 

r nitrogen 
one. The conditions that are necessary for 

denitrification to occur may subsequently cause leaching of phosphorous from metal complexes 

e 

d 

rocesses may affect nutrient 
trends seen within the stream as well. 

marized in this section. Other studies assessed 
the potential for surface water contamination by studying groundwater contamination present 
due to OWS. One such study will also be discussed in this section. Note that there are numerous 
studies of effects of OWS on groundwater that are not cited in this appendix. 

In 1998, Flynn and Barber (2000) conducted a study near Boulder, CO to evaluate whether OWS 
were impacting surface water or groundwater entering a local reservoir. The reservoir, Barker 
Reservoir, is of particular concern because it supplies 40% of the drinking water to the city of 
Boulder. The study monitored a total of 12 drinking water wells and 10 surface water sites 
situated both north and south of the reservoir in order to meet the objective. Conclusions were 
drawn based on comparisons between sites situated upgradient of development and those located 
downgradient. A variety of parameters were analyzed including field parameters (pH and 
temperature), major ions, boron, nutrients, and bacteria. Results revealed that groundwater north 
of the reservoir did not demonstrate widespread contamination, but that surface water sites south 
of the reservoir (groundwater sites were limited in this area so conclusions could not be drawn) 
had greater concentrations of some wastewater constituents than did other, upgradient surface 
water sites. The study concluded that this contamination was possibly from OWS, but could also 
have been generated by runoff, wildlife, or domestic animals (Flynn and Barber 2000). 

(US EPA 2000; Vought et al. 1994). Changes in pH of the riparian zone waters and release of 
phosphorous from biological decay can also return phosphorous to the water column (US EPA 
2000).  

Nutrient processes in riparian zones have the potential to be especially complex. However, th
literature seems conclusive that nitrate removal is likely. Phosphorous removal may or may not 
occur depending on riparian zone conditions. The processes discussed previously are concerne
mainly with subsurface or groundwater flow; however, Vought et al. point out that subsurface 
flows can extend to water that flows from streams into the riparian zone, and back into the 
streams (Vought et al. 1994). This fact indicates that riparian zone p

Effects of OWS on Surface Waters 

An attempt was made to find other studies that explored the effects of OWS on surface waters 
through stream monitoring. Only one study was found that incorporated stream monitoring in 
determining these effects. That study will be sum
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An older study conducted by Jones and Lee (1979) studied the potential of surface water 
contamination due to OWS through groundwater monitoring of a newly installed septic system. 
This study was concerned mainly with the potential for nutrient contamination to a nearby lake 
in Wisconsin. The purpose of the study was to determine whether or not OWS would be an 
adequate means of waste disposal for a new development. The study was conducted by placing 
monitoring wells near a new septic system, not yet in use. These wells were then monitored from 
a time just before use of the system was initiated to a time four years later. In general, wells were 
monitored for: 

• Alkalinity • Magnesium • Sodium 

• Ammonia • Organic nitrogen • Soluble orthophosphate 

• Calcium • pH • Specific conductance 

• Chloride • Potassium • Total phosphorous 

After six months of septic system use, only migration of alkalinity and specific conductance 
were detected; no nutrient migration was found. Samples were collected at various times during 
the four year sampling period, but never was any migration of nutrients found. Plume migration 
could be detected, however, through elevated specific conductance and chloride values at 
progressive distances from the system. Jones and Lee concluded that since no migration of 
nutrients was measured, OWS posed no threat to nearby surface waters, and therefore, OWS 
were a viable option for the new development (Jones and Lee 1979). 

Description of the Study Area 

This study was conducted in the Dillon Reservoir watershed. Dillon Reservoir is a man-made 
reservoir that was completed in 1963. the reservoir is approximately 3,140 acres in area and 

ser to 

246,777 acre-feet in volume (Summit County Government 1998). There are three major streams 
that flow into the reservoir: Tenmile Creek, Blue River, and Snake River. This study focuses on 
portions of Tenmile Creek, Blue River, and the reservoir itself. Further description of these 
portions of the study area are provided in the following section on a sub-watershed basis.  

Watershed Features 

In the northern portion of the Dillon Reservoir, watershed geology consists of the Pinedale and 
Bull Lake glacial drift deposits that are Pleistocene in age. In the northwest portion of the 
watershed, Precambrian biotite gneiss and migmatite underlies the aforementioned Pleistocene 
deposits. Near Swan River, there are Tertiary and Cretaceous intrusive porphyries. Clo
Breckenridge, the Pierre Shale, Upper Cretaceous in age, can be found under the soil layer. 
Finally, along portions of the Blue River there are large deposits of recent stream and outwash 
gravels (Tweto 1973). 
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Precipitation varies greatly in the Dillon Reservoir watershed because of the varying degrees o
elevation, 7,947 to 14,270 feet, in the study area. This elevation change also causes a high 
variation in the air temperature of the study area, hence causing varying degrees of snowm
throughout the study area. Depth to groundwater in the study area ranges f

f 

elt 
rom 4 to 70 feet, based 

on  investigations by Smith (Smith et al. 2002). The presence of shallow depths in 
som butions to base flow in 
some areas (Smith et al. 2002). Furthermore, the presence of flow in the months of January 
through March, when it is likely that no snowmelt is contributing to flow, indicates that there are 
other sources of base flow (Lemonds 2003). Therefore flow of OWS effluent through 
groundwater to surface water is possible. 

There are two major areas of development upstream of Dillon Reservoir. These are the towns of 
Frisco and Breckenridge (see Figure E-1). Rapid development of these towns and others in the 
area caused Summit County to be the most rapidly growing county in the country from 1970 to 
1980. During this time period, there was a 232% increase in population. From 1980 to 1990, 
there was a 45.6% increase in population. From 1970 to 1998, total number of housing units 
increased from 2,198 to 23,019 (Summit County Government 1998). Many of these homes use 
OWS as a primary means of domestic waste disposal. Increases such as those mentioned here 
have the potential to greatly affect local water quality. The town of Frisco utilizes both surface 

s a small reservoir, Goose 

e 

preliminary
e areas indicates that there is a high probability of groundwater contri

water and wells as a source of drinking water. Breckenridge utilize
Pasture Tarn, as well as South Barton Creek for its drinking water. 

Smaller focus areas were designated within the study area in order to understand the effects of 
OWS on a smaller scale. For example Blue River Estates, which is situated along Pennsylvania 
Creek, uses exclusively OWS as a means of domestic waste disposal. Pennsylvania Creek was 
therefore chosen as a focus area to determine if these OWS were impacting the creek or the Blu
River downstream of its convergence with the creek. Swan River and portions of Tenmile Creek 
were chosen as focus areas for similar reasons.  
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Figure E-1 
Location of Frisco and Breckenridge 

The Blue River headwaters are located on the Continental Divide south of Dillon Reservoir a
elevation of 12,031 feet. The Blue River is approximately 61.25 miles long. This river ends whe
it converges with the Colorado River, north of the Di

t an 
n 

llon Reservoir watershed, at an elevation of 
approximately 7,333 feet. The portion of the Blue River focused on in this study is a segment 

 

n 
 

 river is roughly 18.5 miles long. The 
headwaters are at an elevation of 11,780 feet. The town of Frisco is located in the bottom portion 
of the creek, at its input to Dillon Reservoir (Figure E-1). The town of Frisco utilizes both 
centralized sewage and OWS. Furthermore, areas adjacent to the creek and upstream of Frisco 
have been the sites of mining activity.  

that begins approximately 15 miles south of the reservoir and ends where the Blue River flows
into Dillon Lake. The town of Breckenridge is located roughly in the middle of this segment 
(Figure E-1). The mountain lands along this 15-mile stretch of the Blue River have been 
developed for skiing and recreation as well as mining. Within this 15-mile stretch of the Blue 
River, there are two tributaries included in this study. These are Pennsylvania Creek and Swa
River. Both Pennsylvania Creek and Swan River are home to developments that heavily utilize
OWS. In the past, mining activity also took place in areas along Swan River.  

Tenmile Creek is located south of Dillon Reservoir. The creek’s headwaters are situated near 
Leadville, Colorado at the Climax molybdenum mine. The

E-6 



 
Water Quality Monitoring 

In order to avoid duplicating work that had already been done in the study area, a literature 
search was done on previous water quality studies conducted in the study area. Only one was 

proach Bails, J.B. 2000
Water quality characteristics and mass balance modeling of the 

dge, Colorado Bails, J.B. 1998
treambed sediment associated 

with mining activities in the Upper Colorado River Basin, Colorado, 

sufficiently similar in scope to this project, and that study will be described briefly in the 
following section. The other studies found are summarized in Table E-1.  

Table E-1 
Summary of Previous Water Quality Research Done in the Study Area 

Study Title Authors

Eutrophication and Land Use, Lake Dillon, CO
Lewis, W.M.; Saunders, 
J.F. 1984

Occurrence, transport and fate of trace elements Blue River 
Basin, Summit County, Colorado- An integrated ap

Apodaca, L.E.; Driver, N.E.; 

Year

French Gulch drainage, Breckenri
Distribution of trace elements in s

USA Deacon J.R.; Driver, N.E. 1999
Quantification of metal loading in French Gulch, Summit County, 
Colorado, using a tracer-injection study, July 1996

Kimball, B.A.; Runkel, R.L.; 
Gerner, L.J. 1999

Using GIS to investigate septic system sites and nitrate pollution 
potential

Stark, S.L.; Nuckols, J.R.; 
Rada, J.R. 1999  

Previous Water Quality Studies in the Dillon Reservoir Area 

Beginning in January of 1981, field work was conducted in the Dillon Reservoir watershed that 
lection and analysis of water samples (Lewis 1984). The goal of this study, part of 

 as such, was to create a model that would predict nutrient 

ater Quality Model in 1982 (Lewis and 

e

• 

• 

ith 
er, 

included col
the Clean Lakes Study and referred to
yields for the lake based on land use and population density (Lewis and Saunders 2002). The 
model is intended “for the prediction of reservoir responses associated with future growth and 
various other changes in land use…” (Wyatt 2002). One year of water quality data was collected 
prior to the development of the Dillon Reservoir W
Sanders 2002). Water quality data for the initial year of the Clean Lakes Study was collected in 
thr e studies (Lewis 1984): 

Time series 

• Spatial survey 

Special studies 

For the time series study, data were collected at five sites in Dillon Reservoir, 32 times in two 
years, and eight stream sites, 37 times in two years. Lake sites were situated in the center of the 
lake in deep water and at each of the four arms of the lake. These four arms are associated w
each of the three main inflowing streams, the Blue River, Tenmile Creek, and the Snake Riv
and with the reservoir outlet. Stream sites were situated at the mouth of each inflowing stream, 
Blue River, Tenmile Creek, Snake River, Miner’s Creek, and Soda Creek, at the outlet to Dillon 
Reservoir, and at two WWTP effluent releases. 
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For the spatial survey, samples were collected at all of the aforementioned Dillon Reservoir sites, 
plus nine others, and each of the aforementioned surface water stations plus 25 others. Lake sites 
were monitored a total of 10 times in two years for the spatial survey. Stream sites for this survey 
were monitored a total of 20 times in two years. Special surveys included diel and enrichment 
surveys; sites monitored for these surveys varied (Lewis 1984). 

The main focus of these studies was to identify sources of phosphorous loading to Dillon 
Res ever parameters outside of phosphorous species were collected including 
nitr , 
temperature, and flow), lake transparency, chlorophyll, and phytoplankton (Lewis 1984). Note 

ict 
future phosphorous loading and also to show the source of that loading (background, WWTP, or 

WS). Modeling results for 1982 showed OWS to be accountable for a higher percentage 
(12.4%) of phosphorous loading than WWTP effluent (11.1%) (Lewis and Saunders 2002).  

Since then, the model has been recalibrated several times incorporating an increased water 
quality database (Lewis and Saunders 2002). The 1991 simulations still resulted in OWS being 
accountable for a higher percentage (14.6%) of total phosphorous loading to Dillon Reservoir 
than local wastewater treatment facilities (13.8%). Simulations for the year 2000, however did 
not. In this simulation, OWS were accountable for 12.7% of total phosphorous loading in 
comparison to 16.5% from WWTP effluent. Yet Lewis and Saunders (2002) contend that at full 
development OWS would be responsible 32.2% of total phosphorous loading to Dillon Reservoir 
in comparison to 19.8% from WWTP sources. Documents discussing both the original creation 
of the Dillon Reservoir Water Quality Model in 1982 and its final calibration in 2001 do not 
mention any studies conducted to use water quality monitoring to further identify and or verify 
nutrient sources in the Dillon Reservoir watershed.  

Note that literature describing in detail development, application, and validation of the Lewis 
model was difficult to obtain. In particular, documentation is needed to explain the following 
issues. First, if as contended, OWS are a significant source of phosphorous mass flow in the 
streams, then some explanation is needed to clarify why phosphorous mass flow increases with 
increased stream flow (Lewis and Saunders 2002). If the majority of phosphorous loading is 
from OWS, then mass flow would be contributed through base flow. This would indicate that 
phosphorous mass flow should decrease as stream flow increases, thereby diluting base flow 
loading (McCray 2003). Second, in order to further evaluate the model, it would be necessary to 
know whether or not it accounts for phosphorous that is present in runoff, how it is accounted 
for, or in the opposite case, why it is not (McCray 2003). 

ervoir. How
ogen species, field parameters (pH, dissolved oxygen [DO], specific conductance

that many additional wastewater parameters such as sulfur, boron, and oxygen demand were not 
monitored. 

The Clean Lakes Study used field data in conjunction with empirical modeling data to assess 
phosphorous loading from the study area to Dillon Reservoir. The model was equipped to pred

O
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The study approach used in this work involved 
prelim
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multiple steps. The first step was to conduct a 
inary assessment of water quality using mass balance calculations in order to predic

levels of nutrients could be expected in the study area. Information from these calculations was 
then incorporated in the finalization of the monitoring program design. The next step was to 
begin water quality monitoring, which was done in a two-phase approach that is described in 
detail in the following section. The final step in the study approach was processing and 
interpretation of the monitoring results. This section will focus on describing the mass balance 
calculations, program design, the rationale and differences between Phase I and Phase II 
sampling, and methods of quality assurance.  

Mass Balance Calculations 

Water quality assessments can be conducted through means other than water quality monitoring, 
or observation. Other methods of assessment might include mass balance calculations to predict 
water quality, or more in-depth types of modeling. Mass balance calculations to make 
predictions about water quality are described here as a preliminary assessment of the impacts of 
OWS, where the results helped to finalize the remainder of the study design. Mass balance 
calcu ted nutrient concentrations in both the focus areas and the Blue River 
downstream of the focus areas, where applicable. 

Approach 

Mass balance calculations were focused on nitrate and phosphorous concentrations, due to their 
im e objectives of this study. The mass balance 
calcu  answer two questions: 

1. concentrations of nutrients were at or near 
treams located in the focus areas (Tenmile Creek, Pennsylvania Creek, an

S likely to have on these concentrations? 

2. and Swan River, are tributaries to the Blu
fore, nutrient concentrations in these tributaries will affect concentration

ight be expected?  

Theoretical mass balances were applied to a variety of scenarios in order to determine what sort 
of effects might be expected from the tributaries. Furthermore, these mass balances were 
conducted with the goal of determining the necessary detection limits for nutrient analysis. 

To answer the first question, mass balances were conducted on each of the three focus areas in 
ennsylvania Creek, Swan River, and Tenmile Creek. The following formula was used 

pute potential concentrations of nitrogen and phosphate:  

wCw+ QsCs= QoCo Equation E-1

t what 

d Swan 

e 
s in the 

 

lations spotligh

portance in answering the questions defined by th
lations were used to

If the assumption was made that the background 
zero in the s
River), then what effects were OW

Two of the focus areas, Pennsylvania Creek 
River. There
Blue River. What sort of effects m

the study: P
to com

 Q
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Wh  Q  are the flows of the waste stream and stream, respectively, and Cw and Cs are 
the o 
is e o is the concentration of nitrogen or phosphate in Qo, and Co was the 

alculations, the waste stream represents the input of 

ere, Qw and s
concentrations of total nitrogen or phosphate in the waste stream and stream, respectively. Q
qual to Qw + Qs. C

variable being solved for. Note that in these c
OWS (Figure E-2). 

 
Figure E-2 
Schematic of the Mass Balance Used to Predict Nutrient Levels in the Study Area 

 

an 

At this point it would be useful to describe how each variable in the equation was determined, as
well as when and how it was varied throughout the calculations. Many calculations were done 
representing different scenarios and using a spreadsheet model. A portion of this spreadsheet c
be found in Table E-2. Reference to this table is useful throughout this discussion. Footnotes 
below the table describe each column and, when applicable, how that column was calculated. 
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T E
Example of a U ut F

ia k

Nutrie  
Con

a
n
g

pe
on C Co (mg/

[1] 2] ] 0]
]*[10])+([

3]))/[14
Total N 0
Total N m 0
Total N m 0
Total N m 0
Total N m 0
Total N m 0
Total N m 2. 17.6 0
Total N m 2. 13.2 0
Total N m 2. 8.8 0
Total N m 2. 4.4 0
Total N 2. 44 0
PO4 nt 2. 15 0
PO4 m 2. 13.5 0
PO4 m 2. 12 0
PO4 m 2. 10.5 5. 0
PO4 m 2. 9 5. 0
PO4 m 2. 7.5 5.
PO4 m 2. 6 5. 0.067
PO4 m 2. 4.5 5. 0.050
PO4 m 2. 5. 0.034
PO4 m 2. 5. 0.017
PO4 2. 1. 0.649

L)
12]*[1
]
.973
.875
.778
.681
.584
.486
.389
.292
.195
.097
.492
.168
.151
.134
.117
.101

0.084

Qs 

(cfs) Qs(L/d)
Cs 

(mg/L) Qo (L/d)

[11] [12] [13] [14]=[12]+[9]
(([9

2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
2.64 6461643 0 6607693
5.28 12923286 0 13069336
5.28 12923286 0 13069336
5.28 12923286 0 13069336
5.28 12923286 0 13069336

28 12923286 0 13069336
28 12923286 0 13069336
28 12923286 0 13069336
28 12923286 0 13069336
28 12923286 0 13069336
28 12923286 0 13069336
28 12923286 0 13069336
32 3230822 0 3376872

able 

ylvan

nt of
cern

-2 

 Cree

Vari
bei

chan

[

% Re
% Re
% Re
% Re
% Re
% Re
% Re
% Re
% Re
Qs 

nutrie
% Re
% Re
% Re
% Re
% Re
% Re
% Re
% Re
% Re
Qs 

Spre

ble 
g 
ed

oval
oval
oval
oval
oval
oval
oval
oval
oval

oval
oval
oval
oval
oval
oval
oval
oval
oval

dsheet 

mg/L in 
OWS 

effluent

[3]
44
44
44
44
44
44
44
44
44
44
44
15
15
15
15
15
15
15
15
15
15
15

sed to Predict N

% 
Removal

# 
houses

[4] [5]
0 254

10 254
20 254
30 254
40 254
50 254
60 254
70 254
80 254
90 254

0 254
0 254

10 254
20 254
30 254
40 254
50 254
60 254
70 254
80 254
90 254

0 254

rient Levels in the 

ople/
hse # people L/pers

[6] [7]=[5]*[6] [8
2.5 635
2.5 635
2.5 635
2.5 635
2.5 635
2.5 635

5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635
5 635

ocus Areas 

/d Qw (L/d)

[9]=[7]*[8] [1
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050
230 146050

Penns

w (mg/

=[3]-[3

L)

]*[4]
44

39.6
35.2
30.8
26.4

22

3
1.5
15
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Table E-2 
Example of Spreadshee
(Footnotes cont.) 

t Used to Predict Nutrient Levels in the Focus Areas  

 
 

[6] The number of persons per household. 

u n 9 (the waste flow) calculated by subtracting the percent of the COC 
entration that was in the effluent (column 3).  

he stream flow (column 12). 

y 

 it 
in 

s 
s 
 

 of 
ch focus area. The value of 2.5 concurs with census data from the year 2000 that 

gives a value of 2.48 persons per household in Summit County for that census (US Census 
Bureau 2002). This number was then multiplied by 230 L/person/day in order to determine Qw. 
The assumption was made that 100% of Qw was contributed to the streams in each focus area. 
This calculation is associated with columns five through nine in Table E-2. Note that Table E-3 
summarizes the homes, number of persons, and waste flow used as a basis for all further 
calculations and scenarios. 

[3] mg/L of [1] found in the OWS effluent.  

[4] Percent of column 3 that was removed for the purposes of the calculation in that row to recognize the fact that 
some of the nutrient is removed before effluent reaches surface waters. 

[5] Number of houses surrounding the focus area that could potentially contribute waste flow to surface waters. 
Aerial photos were used to come up with a number (254), then this number was divided in half and into a third. The
purpose of this was to recognize that 100% of the waste flow in the subdivision does not contribute to surface water
flow. 

[7] Calculated by multiplying columns 5 and 6. 

[8] Waste flow in liters that each person contributes in a day. 

[9] Waste flow in liters per day calculated by multiplying columns 7 and 8. 

[10] Concentration of column 1 in col m
removed (column 4) from the original conc

[11] Flow of the stream, in this case Pennsylvania Creek, in cubic feet per second. 

[12] Liters per day converted from Column [11]. 

[13] Background concentration of column 1 that is in the stream. 

[14] Outgoing flow determined by adding the waste flow (column 9) to t

[15] Predicted concentration of column 1 for that particular row calculated by solving equation 1 for Co.  

In order to complete the mass balance it was necessary to determine a reasonable value for Qw. 
This is the amount of flow, in liters per day, that OWS contribute to the focus area in question. 
Values were found in the literature that gave a range for waste flow of 190 to 270 L/person/da
(cited from Crites and Tchobanoglous 1998 in Kirkland 2001). The middle of the range, 230 
L/person/day, was used for these calculations. However, in order for this value to be useful,
was necessary to determine the value in L/day. To do this, a value for the number of persons 
each focus area was needed. Obtaining this value was a two-step process. First, aerial photo
were consulted to determine the number of houses in each focus area. Next, an assumption wa
made about the number of persons residing in each home; a value of 2.5 persons per house was
used. The number of houses was multiplied by 2.5 persons per house to determine the number
people in ea
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Table E-3 
Summary of Base Conditions Used in Mass Balance Calculations 

Focus # of Persons Waste Flow
Area Homes per home (L/p/day)

Penn. Creek 254 2.5 230
Swan River 200 2.5 230
Tenmile Creek 583 2.5 230  

Next it was necessary to find a value for Cw. This value is essentially the concentration of 
nutrients found in OWS effluent minus the portion that is removed before effluent reaches the 
surface water. The first step to determining this value was to find typical concentrations of total 
nitrogen and phosphorous in OWS effluent. These values were found in the literature (Kirkland 
2001). Total nitrogen and phosphate values used in these calculations were 44 mg-N/L (reported 
as median value by Kirkland 2001) and 15 mg-PO4/L (4.9 mg-P/L, approximately the 25th 
percentile reported by Kirkland 2001). To determine a value for Cw it was necessary to know 
how much of the original concentration actually reached the surface water. This information was 
not available, so varying degrees of removal, from 0 to 90% in intervals of 10% were used in the 
calculations. For example, using a fractional removal of x and original total nitrogen 
concentration of 44 mgN/L, Cw was calculated as follows:  

 Cw= 44 mg-N/L - 44(x) Equation E-2 

Columns three, four, and ten in Table E-2 correspond with this calculation. 

Flow of the stream, Qs, was estimated based on flow measurements made in the streams. For 
example, in Pennsylvania Creek August flows were measured at 2.64 cfs or 6,461,643 L/day. To

 in half to simulate low 

The final variable that had to be determined in order to solve the mass balance was C , which is 

reliminary analysis had been done on surface waters 
sphate were below 

the detection limit. So, for this calculation a background concentration of 0 mg/L was assumed 

ere created. For example, it seemed unlikely that all 
houses in each focus area would contribute 100% of their waste flow to the stream. Rather than 

o the streams, it was decided to vary the 
ber of houses counted from the aerial photo in each focus area 

d by three, which had the effect of reducing Qw. 

ree scenarios were set up. 
The three scenarios are as follows:  

 
simulate high flow, the August flows were doubled; they were divided
flow. Columns 11 and 12 in Table E-2 show these flows in cfs and L/day, respectively. 

s  
simply the concentration of the nutrient that would be found in the streams prior to the input of 
OWS (background concentration). Some p
in the focus area. In most cases, concentrations of both total nitrogen and pho

for both total nitrogen and phosphate. 

For each focus area, several scenarios w

vary the assumption that 100% of the flow was input t
number of houses. The full num
was divided by two an

For each number of houses (full number, one-half, and one-third), th

1. Calculations were done assuming the flow of the stream, Qs, was at the August level.  
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2. The calculations were repeated but altering Qs to low flow (half of the August value).  

3. The calculations were repeated using high flow values (twice the August value).  

For each scenario, ten calculations were done, one for each level of percent removal used; 0 to 
90% at intervals of 10%.  

Once spreadsheets were completed for each focus area, the results were used to generate graphs. 
Six graphs were generated for each focus area: three for total nitrogen and three for phosphate. 
Of each set of three, there is one graph that shows results using the full number of houses, one 
that shows results for one-half the number of houses, and one that shows the results using 
one-third of the full number of houses. On each graph there are three sets of data: one for high 
stream flow conditions, one for medium stream flow conditions, and one for low stream flow 
conditions. All graphs show predicted concentrations of the constituent of concern for 0 to 90% 
removal. Total nitrogen graphs generated for Pennsylvania Creek are shown in Figure E-3. A 
complete set of graphs can be found in Appendix B of Guelfo (2003). 

The
concentrations one might expect as a result of OWS in each focus area. However, the question of 

ow the nutrient levels in these focus areas would affect nutrient levels in the Blue River was yet 
 be answered. To answer this, a new mass balance was conducted using a mass balance 

quivalent to that in Equation E-3, but with new variables. This equation is 

 QtCt + QsCs = QoCo Equation E-4 

In the second mass balance, Qt and Ct represent the flow of the tributary and concentration of the 
nutrients in the tributary (the focus area), respectively. Qs is the flow of the Blue River and Cs is 
the background concentration of nutrients in the Blue River. Finally, Qo is the flow of the Blue 
River downstream of its convergence with the tributary in question. Co is the concentration at 
that point and the variable being solved for in the equation.  

Qo and Co values from the spreadsheet described and shown in Table E-2 were used as Qt and Ct 
in the second calculation. Qs was measured in the Blue River during the month of August, at a 
point just upstream of the convergence with each tributary. This value was used as medium 
stream flow, doubled to simulate high stream flow, and divided in half to simulate low stream 
flow. Cs was also measured in the Blue River in August. Background concentrations of total 
nitrogen in the Blue River upstream of Pennsylvania Creek and Swan River were found to be 
below the detection limit, so 0 mg N/L was used as background for nitrogen in both cases. 
Phosphate was found in the Blue River upstream of Pennsylvania creek at a value of 0.0215 
mg-PO4/L, so this value was used as background for phosphate upstream of this tributary. 
Upstream of Swan River, phosphate was below the detection limit so 0 mg/L was used as 
background upstream of Swan River. Qo is the sum of Qt and Qs. As before, Co is the variable 
being solved for. A portion of the spreadsheet used in this part of the calculation is shown in 
Table E-4. 

se graphs and spreadsheets helped to answer the first question regarding what level of 

h
to
e
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Table E-4 
Example of Spreadsheet Used to Predict Nutrient Levels in the Blue River 

oval Qt (L/d) Ct(mg/L) Qs(cfs) Qs(L/d) Cs(mg/L) Qo(L/d) Co(mg/L)
[10]=(([4]*[5])+([7

.102

.079
068

6 20 48951841 0 55413484 0.057
Total N 254 60 6461643 0.389 20 48951841 0 55413484 0.045
Total N 254 70 6461643 0.292 20 48951841 0 55413484 0.034
Total N 254 80 6461643 0.195 20 48951841 0 55413484 0.023
Total N 254 90 6461643 0.097 20 48951841 0 55413484 0.011
PO4 254 0 6461643 0.332 20 48951841 0.0215 55413484 0.058
PO4 254 10 6461643 0.298 20 48951841 0.0215 55413484 0.054
PO4 254 20 6461643 0.265 20 48951841 0.0215 55413484 0.050
PO4 254 30 6461643 0.232 20 48951841 0.0215 55413484 0.046
PO4 254 40 6461643 0.199 20 48951841 0.0215 55413484 0.042
PO4 254 50 6461643 0.166 20 48951841 0.0215 55413484 0.038
PO4 254 60 6461643 0.133 20 48951841 0.0215 55413484 0.034
PO4 254 70 6461643 0.099 20 48951841 0.0215 55413484 0.031
PO4 254 80 6461643 0.066 20 48951841 0.0215 55413484 0.027
PO4 254 90 6461643 0.033 20 48951841 0.0215 55413484 0.023

Blue River Downstream of Pennsylvania Creek
Parameter # houses % Rem

[1] [2] [3] [4] [5] [6] [7] [8] [9]=[4]+[7] ]*[8]))/[9]
Total N 254 0 6461643 0.973 20 48951841 0 55413484 0.113
Total N 254 10 6461643 0.875 20 48951841 0 55413484 0
Total N 254 20 6461643 0.778 20 48951841 0 55413484 0.091
Total N 254 30 6461643 0.681 20 48951841 0 55413484 0
Total N 254 40 6461643 0.584 20 48951841 0 55413484 0.
Total N 254 50 6461643 0.48

 
[1] Denotes which nutrient concentration is being predicted in that particular row.  

[2] The number of houses shown there refers to the number of houses used to generate column [15] in the Table E-2. 
Columns [4] and [5] are the same values as columns [14] and [15] in Table E-2. 

[3] The percent removal of the original concentration of the nutrient that was removed to calculate Co in the original 
calculation (Table E-2), or Ct in this spreadsheet.  

[4], [5] These values correspond with columns [14] and [15] from Table E-2, respectively. 

[6] Flow of the Blue Rivers measured in August (assumed as medium flow). The August value was doubled to 
simulate high flow and divided in half to simulate low flow. 

[7] Liters per day converted from column [6]. 

[8] Background concentration of the nutrient in the Blue River. 

[9] Columns [4] plus [7]. 

[10] Variable being solved for in the mass balance. This is the concentration of nutrient in the Blue River 
downstream of its merge with the tributary in question (i.e. Pennsylvania Creek). 

These spreadsheets were used to generate graphs similar to the ones shown in Figure E-3. The 
purpose of these graphs is to show the predicted concentrations from the variety of scenarios. A 
set of these graphs is show in Figure E-4. 
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Figure E-3 
Predicted Nitrogen Concentrations in Pennsylvania Creek Based on OWS Input Scenarios 
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Figure E-4 
Predicted Phosphate Levels in the Blue River 

 these 

ind 

Results and Discussion 

A summary of the preliminary assessment presented above is presented in Table E-5. From
results it became evident that nutrient levels could be expected to be low (less than 1 mg/L) 
throughout most of the study area. Knowing this helped to answer questions regarding what k
of analytical detection would be needed. Therefore, these calculations also helped to decide 
which methods of analysis would be required. 
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The calculations also made evident that Pennsylvania Creek would be the focus area most likely 
to exhibit effects of OWS. Furthermore, this focus area was also more likely to have an impact
on the Blue River. This knowledge helped to decide which focus area should receive the highes
priority for field investigation. Study design is described in further detail in the following 
section. 

Table E-5 
Summary of Mass Balance Calculation Results 

Total Nitrogen

 
t 

7-1.903
Swan River 0.007-1.001

Pennsylvania Creek 0.005-0.649

Location Range, mgN/L
Pennsylvania Creek 0.01

Tenmile Creek 0.002-0.222
Blue River below 
Pennsylvania Creek 0.001-0.221
Blue River below 
Swan River 0.001-0.158
Phosphate

Location Range, mgPO4/L

Swan River 0.002-0.344
Tenmile Creek 0.001-0.076
Blue River below 
Pennsylvania Creek 0.019-0.095
Blue River below 
Swan River 0.000-0.054  

Monitoring Program Design 

After the completion of the mass balance calculations described previously, design of the 
monitoring program was finalized. The following sections describe the main components of this 
program, and where appropriate, what method or methods were used in the design or selection o
that component. 

f 

Site

Approximately 20 sites were selected at the initiation of the monitoring program. A map of the 
sam le sites can be found in Figure E-5. Sites were chosen in two ways, the first of which was to 
meet the objectives of the study. One of the main objectives involves determining the effects of 
OWS on the streams in the study area. Therefore, sites had to be chosen that targeted the focus 
areas that, as described in the Background section, were designated to study the effects of OWS 
on a smaller scale. Specifically, sites were chosen upstream and downstream of each focus area.  

 Selection and Sampling Frequency 

p
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Note: Sample sites indicated by a solid circle 

Figure E-5 
Main Map of Sample Sites and Detailed Maps of the Pennsylvania Creek and Swan River 
Focus Areas 

The remaining sites were selected using the method developed by Sharp (1971). This method 
provided an even distribution of points throughout the study area and also conveniently situated 
points upstream and downstream of Breckenridge and at the mouth of the Blue River to Dillon 
Reservoir. 

When monitoring was initiated (Phase I) the decision was made that all sites would be monitored 
on a monthly basis in order to acquire the background water quality information necessary to 
evaluate which sites might need more frequent monitoring than others. During the second phase 
of the study (Phase II) fewer sites were monitored as described in more detail in the following 
section. 

Monitoring Variables and Analytical Methods 

Selection of monitoring variables was conducted to meet the objectives of the study. For 
example, in order to determine the effects of OWS monitoring for the constituents one would 
expect to see if impacts were occurring (nutrients, chloride, boron) is necessary. Monitoring 
basic water quality parameters (pH, specific conductance, dissolved oxygen) at each site is also a 
good idea (Bartram and Ballance 1996; Chapman 1996). 
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In s  the chosen analytical method added additional parameters to the study by default. 
For . The IC 
automatically analyzes for five constituents: nitrate, phosphate, chloride, fluoride, and sulfate. 
The same situation occurred with constituents  through inductively coupled plasma 
(ICP) methods. All analytical methods used in Phase I were chosen to comply with Standard 
Methods for the Examination of Water and Wastewater (APHA 1998) (Table E-6). Phase II 
analytical methods are the same with the exception of nutrients, which were analyzed at the US 
Geological Survey (USGS) Nation ry (NWQL). Table E-7 summarizes 
the methods used by the NWQL for nutrient analysis. 

Field Methods and Materials 

Field  and II differed. The rationale behind the two-phase sampling will be 
described later in this section, but phase are documented here.  

In Phase I, bottle types were chosen according to Standard Methods for the Examination of 
Water and Wastewater (APHA 1998). In all analytical methods being used, it was appropriate to 
use w n eithe ase, amber glass was a requirement. 
Plastic and glass bottles were wash nox, and triple rinsed in de-ionized 
water after each use. In addition, g  hydrochloric acid. 

Field parameters in Phase I were collected using a YSI 600R data sonde, or multi-probe. This 
unit g th c cond , and temperature 
at one time. The sonde comes equi puter that enables the user to view 
and he on not made using the YSI 600R 
was flow. Flow in Phase I was me eter along with a top-set wading 
rod and headphones. Two flow meters were available for this project: a Price meter and a pygmy 
meter.  

ay, 
 

ome cases,
 example, ion chromatography (IC) was chosen for nitrate and phosphate analysis

 analyzed

al Water Quality Laborato

 methods for Phase I
the methods used in each 

ater sample collected i r plastic or glass. In one c
ed with tap water and Alco
lass bottles were rinsed with 1%

has several probes enablin e collection of pH, DO, specifi
pped with a hand-held com

uctance

store parameter results. T ly field measurement that was 
asured using a Price flow m

Water samples in Phase I were collected as grab samples. Prior to collecting the sample, bottles 
were rinsed twice with native water. Then water samples were collected directly in the bottle 
from the portion of the stream with the fastest velocity and from the middle of the stream 
column. Samples were then put directly on ice, returned to the laboratory at the end of each d
and refrigerated at 4 °C. No further preservation was necessary because samples were analyzed
within 24 hours. 
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Table E-6 
Summary of Monitoring Parameters and CSM Analytical Methods 

Parameter Method Type Instrument
Field or Lab 

Analysis Method No./Ref.
Detection 

Limit
Water 

Volume (mL)

Temp (oC) thermometric YSI 600R field SM 2550 -5oC in situ

Flow (cfs) Price meter field in situ

pH electrometric YSI 600R field SM 4500-H+ B 0 in situ
Dissolved Oxygen 
(DO) (mg/L)

membrane 
electrode YSI 600R field SM 4500-O G 0 mg/L in situ

DO (%Sat)
membrane 
electrode YSI 600R field SM 4500-O G 0% in situ

Specific Cond. 
(mS/cm) conductance YSI 600R field SM 2510 B 0 mS/cm in situ

Turbidity (NTU) nephelometric
Hach 2100A 
turbidimeter laboratory SM 2130 B 0 NTU fill sample cell

Total Solids (mg/L) dried at 105oC n/a laboratory SM 2540 B
2.5 mg dried 
residue 30

Alkalinity (mg/L) titrimetric HACH digital titrator laboratory SM 2320 B 50
closed reflux, HACH 

2

1.5

Chloride (mg/L) ----- ----- ----- ----- 0.2 mg/L -----

10

-----

Ba (mg/L) ----- ----- ----- ----- 0.0028 mg/L -----

COD (mg/L) colorimetric method spectrophotemeter laboratory SM 5220 D 2 mg/L 2
Total Nitrogen 
(mg/L) persulfate method n/a laboratory SM 4500-N C n/a

Ammonia (mg/L) see comments laboratory

Nitrate
ion chromatograph 
(IC) Dionex DX600 laboratory SM 4110 B 0.05 mg/L

Fluoride (mg/L) ----- ----- ----- ----- 0.01 mg/L -----

Phosphate (mg/L) ----- ----- ----- ----- 0.06 mg/L -----

Sulfate (mg/L) ----- ----- ----- ----- 0.2 mg/L -----

Ag (mg/L)
inductively coupled 
plasma (ICP)

Perkin Elmer 
Optima 3000 laboratory SM 3120 B 0.0015mg/L

Al (mg/L) ----- ----- ----- ----- 0.0246 mg/L -----

As (mg/L) ----- ----- ----- ----- 0.0385 mg/L -----

B (mg/L) ----- ----- ----- ----- 0.0031mg/L

Be (mg/L) ----- ----- ----- ----- 0.0004 mg/L -----

Ca (mg/L) ----- ----- ----- ----- 0.0328mg/L -----

Cd (mg/L) ----- ----- ----- ----- 0.0024 mg/L -----

Co (mg/L) ----- ----- ----- ----- 0.0093mg/L -----  
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Table E-6 
Summary of Monitoring Parameters and CSM Analytical Methods (Cont.) 

Parameter Method Type Instrument
Field or Lab 

Analysis Method No./Ref.
Detection 

Limit
Water 

Volume (mL)

Cr (mg/L) ----- ----- ----- ----- 0.0061mg/L -----

Cu (mg/L) ----- ----- ----- ----- 0.0017mg/L -----

Fe (mg/L) ----- ----- ----- ----- 0.0688mg/L -----

K (mg/L) ----- ----- ----- ----- 0.0594mg/L -----

-

-

Mo (mg/L) ----- ----- ----- ----- 0.0073 mg/L -----

-- ----- ----- 0.048mg/L -----

Sb (mg/L) ----- ----- ----- ----- 0.0222mg/L -----

----- ----- ----- ----- 0.0336mg/L -----

Li (mg/L) ----- ----- ----- ----- 0.0017mg/L ----

Mg (mg/L) ----- ----- ----- ----- 0.0060mg/L ----

Mn (mg/L) ----- ----- ----- ----- 0.0008mg/L -----

Na (mg/L) ----- ---

Ni (mg/L) ----- ----- ----- ----- 0.0034mg/L -----

P ----- ----- ----- ----- 0.044 mg/L -----

Pb (mg/L) ----- ----- ----- ----- 0.0175mg/L -----

S (mg/L) ----- ----- ----- ----- 0.1032mg/L -----

Se (mg/L)

Si (mg/L) ----- ----- ----- ----- 0.0448mg/L -----

Sn (mg/L) ----- ----- ----- ----- 0.0664mg/L -----

Sr (mg/L) ----- ----- ----- ----- 0.0009mg/L -----

Ti (mg/L) ----- ----- ----- ----- 0.0005mg/L -----

V (mg/L) ----- ----- ----- ----- 0.001mg/L -----

Zn (mg/L) ----- ----- ----- ----- 0.0014mg/L -----
Fecal Coliform 
(Count)

fecal coliform 
membrane filtration n/a laboratory SM 9222 D n/a 100

SM = Standard Methods for Water and Wastewater Analysis 20th Edition.
---- = Same as above  
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Table E-7 
Methods Used and Detection Limits Obtained by the NWQL for Nutrient Analysis 

Parameter Method (mg/L) 
Detection Limit 

Nitrogen, ammonia 
Colorimetry, 
salicylate-hypochlorite 
automated-segmented flow 

0.015 

Nitrogen, ammonia + organic 
nitrogen, filtered Titrimetry, digestion-distillation 0.1 

Nitrogen, ammonia + organic 
nitrogen, whole water Titrimetry, digestion-distillation 0.1 

Nitrogen, nitrite Colorimetry, diazotization, 
automated-segmented flow 0.0023 

Nitrogen, nitrite +nitrate 
Colorimetry, cadmium 
reduction-diazotization, 
automated-segmented flow 

0.013 

Phosphorous, filtered Colorimetry, phosphomolybdate 
automated-segmented flow 0.0044 

Phosphorous, whole water Colorimetry, phosphomolybdate 
automated-segmented flow 0.0037 

Phosphorous, phosphate, 
ortho 

Colorimetry, phosphomolybdate 
automated-segmented flow 0.007 

Source: Fishman 1993 

Specific conductance, pH
Phase I. Flow was measu

, DO, and temperature were all measured directly in the stream during 
red by using the meter to determine velocity at each foot across the 

le through the 

width of the stream cross section. In some larger sampling sites, where time was an issue, 
velocity was measured at every other foot across the width of the stream cross section. In all 
cases, depth was recorded at every foot. Depth and stream velocity measurements were then 
averaged using a simple, arithmetic average. Average depth was then multiplied by the stream 
width to get cross-sectional area in square feet. The area was then multiplied by the average 
stream velocity in feet/s. The result was flow in cubic feet per second. All field equipment was 
cleaned with de-ionized water after each sampling trip. 

Materials and methods (including cleaning methods) in Phase II were altered to adhere to USGS 
surface water sampling protocol. A complete manual of these methods is availab
USGS (Wilde et al. 1999). In order to meet this protocol, it was necessary to acquire many new 
pieces of field equipment. All equipment was selected according to the guidelines established in 
the USGS field manual, Chapter A2 (Wilde et al. 1999). This chapter describes all possible 
options for equipment that can be used to accomplish various purposes.  
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E-24 

o eliminate confusion regarding which equipment was selected for this project, Table E-8 
describes the equipment used and its purpose. Note that this table is a list of equipment that was 
original to Phase II, not a comprehensive list of equipment used for sampling.  

Table E-8 
Equipment Original to Phase II Sampling 

 

Sample collection underwent considerable change in Phase II as well. Instead of collecting grab 
samples, depth and width integrated samples were taken. The method used to accomplish this 
was the EWI method described in Chapter 2 (Wilde et al. 1999). Since samples in Phase II were 
collected using the EWI method, sample processing had to be added on as an additional step. 
Processing involves the compositing, subsampling, filtration, and preservation of samples. 
Complete details on sample processing can be found in Chapter A5 of the USGS field manual 
(Wilde et al. 1999). 

During Phase II the same field parameters were collected as in Phase I. However in Phase II, pH 
and specific conductance were measured in the composite sample rather than being m asured 

ample 
e referred to as in situ 

for both the subsample and in situ measurements can be 
fou tional Field Manual in Chapter A6. This chapter also includes sections aimed 
dire rmation on maintenance and 
calibration of probes. 

 

ld be equal to or greater than 20% of 

T

 Equipment Type Purpose
DH-81 sampler Surface water collection
Churn splitter Surface water sample storage and homogenization
Churn carrier Carries churn splitter and protects from the elements
Processing/preservation  Protects water sample (i.e. from wind-born contaminants)
        chamber and curtain         while sample is being processed and preserved
Peristaltic pump Used for sample filtration
Disposable 0.45  Used for sample filtration
        micron filters 
Tygon pump tubing Used for sample filtration

e
directly in the stream, as in Phase I. DO and temperature were still measured directly in the 
stream. Measurements taken from the composite sample are referred to as subs
measurements. Conversely, those taken directly in the stream ar
measurements. Step-by-step instructions 

nd in the Na
ctly at the specific parameters (pH, DO), including info

As in Phase I, flow in Phase II was measured using either a Price or pygmy meter. However, the
method of computing the flow differed considerably in Phase II. In the second phase, stream 
velocity was measured so that no increment measured wou
the total flow. This usually necessitates 20 or more velocity measurements at each sample site. 
As with the sample collection, the number of measurements needed was determined using prior 
knowledge of the site and personal opinion and the stream width divided equally into that 
number of increments.  
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Stream velocity and depth were measured in the middle of each increment. Stream velocity is 
determined by counting the number of clicks heard in a given period of time. A chart is used that 
translates this into stream velocity, based on the clicks and time. The width and depth of each 
increment were then multiplied to determine the cross-sectional area of that particular increment. 

r that 
 

y 

er sites using low-level analytical methods.  

 
the analytical capability to consistently quantify values that were near trace levels. Having such 

tant in determining any trends present in the study area. A decision was 
made to conduct a few months of sampling using CSM analytical capabilities as a screening for 

s able to finalize collaboration with the USGS’s NWQL. The 
NWQL was chosen because it offered the lowest nutrient detection limits. In the meantime, CSM 

l 

This result was then multiplied by the velocity measured in that increment to get the flow fo
one increment. Flow values from all of the increments were then totaled to determine total flow
for the sample site.  

Data Storage and Handling 

The results of all flow and water quality analyses were maintained in an Excel spreadsheet. 
Many of the graphs and statistical analyses used could also be done within the spreadsheet. 
Results of the monitoring program can be found in the Results section, which is then followed b
the Water Quality Assessment section. 

Phases I and II Sampling Efforts 

Surface water quality monitoring of the Blue River was initiated in September 2001. Phase I of 
the study lasted until March 2002. This phase served as an initial screening period. The results 
from this phase helped to decide whether or not the methods being used were appropriate. Phase 
II was initiated in May 2002 and lasted until September 2002. Phase II involved a more in-depth 
examination at few

Phase I 

From the mass balance calculations, it was apparent that nutrient levels could be expected to be 
low throughout the study area. However, depending on how low, CSM may or may not have had

values is extremely impor

future efforts. It soon became apparent that CSM lab support would suffice for all parameters 
with the exception of the nutrients. So, in November 2001 efforts were initiated to obtain 
appropriate low-level nutrient analysis through an outside laboratory. These efforts continued 
until April 2002 when CSM wa

continued to collect and analyze samples. The period from September 2001 to April 2002, shal
be referred to as Phase I throughout the remainder of this appendix. 

Phase II 

In order for an institution outside of the USGS to utilize the NWQL, all surface water samples 
must be collected using the USGS protocol. Initial protocols used in this study followed 
generally accepted practices but differed from the USGS protocol. So, before this collaboration 
could begin, it was necessary for CSM to have personnel trained in the USGS methods. 
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Due to the time it took to complete this training, CSM did not initiate use of the new methods 
until May 2002. The period of this study from May 2002 to September 2002 shall be referred to 
as Phase II. 

Several things changed when Phase II of the study began. As mentioned, sample collection 
methods changed. New protocols, which involved the aforementioned methods of measuring 
discharge and the EWI method, proved to be more time consuming with respect to time spent at 
each surface water site. Therefore, the number of sites had to be reduced to ten. These sites were 
chosen based on data available from Phase I, and were chosen with the goal of targeting the Blue 
River and Pennsylvania Creek as the focus areas to be monitored with continued frequency. Two 
sites near the mouth of the Swan River and the Blue River were also included in order to monitor 
water quality just downstream of the mouth of the Swan River and to monitor water quality 
entering Dillon Reservoir. 

Quality Assurance 

During Phase I, attempts were made to collect two blanks and two duplicates, or 10%, during 
each sampling trip. In Phase II this number was reduced due to the decreased number of sites 
being monitored. One blank and one duplicate were collected during Phase II sampling trips. In 
all CSM laboratory analyses, one lab duplicate was analyzed each time an analytical process was 
run. This usually resulted in two lab duplicates per analysis per sample round.  

Results 
Surface water quality monitoring within the Dillon Reservoir watershed was initiated in 
September 2001 and continued through September 2002. The results of the Phase I monitoring of 
the initial 20 sites as well as the four months of Phase II monitoring of 10 of these sites are 
described in this section. 

Flow Measurements 

For l of 11 monitoring events were 
conducted. When possible, a flow measurement was taken at each site visited. During Phase I, 

e 

as 

low 
 strictly to the measured values unless otherwise noted. 

Discharge values in this study range from 0.43 to 141 cfs with a median discharge of 10.8 cfs for 
sites monitored in the entire study area. As these flow values are highly variable, breaking these 
results down into the individual sites in which they are measured is useful (Figure E-6) (see 
Figure E-5 for sample locations). Note that a more detailed map with site location is presented 
later in Figure E-20. 

 the period from September 2001 to September 2002, a tota

this involved measuring flow at as many of the original 20 sites as possible; during Phase II th
number of sites was more limited. In the late fall and winter months, which fell during Phase I 
sampling, two of the 20 sites were completely inaccessible due to snow cover, and ice cover w
present at many of those that were accessible. Therefore, discharge measurements were often 
difficult to obtain. Calculating estimated discharge values for some cases where flow 
measurements could not be made to calculate mass flux rates was necessary. Discussion of f
in this section is limited
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       Lines inside of the box represent median values. 

Figure E-6 
Flow Values for the Majority of Sites in the Study Area 

Sites BR1 through BR10 are situated along the Blue River. Discharge values at these ten sites 
ranged from 1.41 to 79 cfs. Medians at each of these sites vary, but BR1 has a median value of 
3.11 cfs. Site BR10 had the largest median value: 44 cfs.  

Sites on Pennsylvania Creek posed some of the most difficulty with regards to winter sampling. 
PC1, the site situated upstream of all development along the creek was completely inaccessible, 
and PC2 and PC3 were frozen. Furthermore, flow at the latter two sites was so low that even if 
all the ice were removed, it would be impossible to make a discharge measurement. No flow 
estim ade for this stream because there were not enough measured values available to 
make reasonable estim
from

ates were m
ates. Of the measurements that were taken during this study, flow ranged 

 1 to 4.85 cfs, with a median discharge of 2.44 cfs (Figure E-6). 
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Median flow at site PC2 was slightly higher than PC3. Flows in Pennsylvania Creek were similar 
to flows in the Blue River in that reach, which indicated that the convergence of Pennsylvania 
Creek with the Blue River would nearly double flows after site BR3. Median flow increases from 
BR3 to BR4 confirm this, increasing from 4.54 to 8.98 cfs (Figure E-6).  

Flows in Swan River ranged from 1.09 to 7.93 cfs. Median flows appeared in the graph to 
decrease from upstream to downstream, but this is likely due to the fact that it was possible to 
obtain only one flow value for site SR3. 

Tenmile Creek is different from the other streams discussed here in that it is not a tributary to the 
Blue River. Like the Blue River, it feeds directly into Dillon Reservoir. Two sites were 
monitored along Tenmile Creek, situated upstream and downstream of the town of Frisco. Site 
FT2 is close to the mouth of Tenmile Creek into Dillon Reservoir. This creek is larger and at a 
lower elevation, so it was not as severely affected by winter conditions. Therefore, obtaining 
discharge values for each sampling trip was possible. Furthermore, a USGS gauging station is 

ted at one of the Tenmile Creek sites allowing flow measurements to be obtained for Phase 
ough the site was not sampled during this time.  

 

 those observed at the mouth 

 
 II. 

Specific conductance measurements provide an indicator of the amount of dissolved solids in the 
water. Specific conductance is proportional to the amount of dissolved solids, increasing as the 
amount of dissolved solids increases. Measurements of specific conductance in this study area 
ranged from 1 to 1137 µS/cm. 

Some of the lower values were believed to be erroneous either due to error in measurement or 
data entry. First, values did not fit trends. For example, values of 4 and 2 µS/cm were entered for 
sites BR2 and BR3 respectively, in the month of January. However values measured at 
surrounding sites BR1 and BR5 on the same day were much higher at 157 and 188 µS/cm, 
respectively. Furthermore, these values fell below average values measured in this study area 
during previous studies as well as those measured in adjacent areas. A study done in the Blue 
River found the average specific conductance to be 168 µS/cm (Lewis et al. 1984), and a study 
in nearby Gore Creek watershed found the average specific conductance to be 145 µS/cm with 
the lowest specific conductance measured approximately 100 µS/cm (Wynn et al 2001). 

situa
II, th

Flow measurements along Tenmile Creek ranged from 20 to 141 cfs with a median value of 
29.55 cfs, based on values from September 2001 to September 2002 (Figure E-6). Median values
and ranges for the two sites were nearly equal due to the fact that the sites are situated fairly 
close together with no inputs in between. The highest flows in the study area were observed in 
Tenmile Creek; however median values at both sites are lower than
of the Blue River. 

Field Parameters 

Parameters measured in the field during this study included specific conductance, DO, pH, and
water temperature. These parameters were measured during the entirety of both Phases I and

Specific Conductance 
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Based on these studies, the specific conductance dataset was edited to eliminate any values lower 
than 80 µS/cm. This value was chosen because some streams are located in high mountain areas 
away from any development where especially low specific conductance measurements might be 
expected. Once lower values were censored, the specific conductance data set analyzed in this 
study ranged from 80 to 1,137 µS/cm, with a median value of 171 µS/cm (Figure E-7).  
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Figure E-7 
Specific Conductance Values Measured During This Study 

Specific conductance values in different streams in this study area vary considerably (Figure 
E-7). In the Blue River, values from 83 to 334 µS/cm have been measured, with a median value 
of 179 µS/cm. In Pennsylvania Creek, specific conductance ranges were considerably lower; 
anywhere from 84 to 137µS/cm with a median value of 124.3 µS/cm. Similar ranges were seen
in Swan River: 102 to 183 µS/cm and median value of 120.8 µS/cm. In Tenmile Creek, howev
ranges were consistently higher than in other areas varying from 691 to 1,137µS/cm with a 

 
er, 

edian of 901 µS/cm. m
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Dissolved Oxygen 

DO in the water can vary based on temperature and barometric pressure. DO is a useful indicator 
of water quality as various pollutants can reduce the amount of oxygen present in a body of 
water. For example, if water of a high temperature is introduced to a river, the amount of DO 
will sink because DO is reduced with rising temperature. Furthermore, pollutants such as 
wastewater may reduce DO levels when they are introduced to a river. This effect occurs because 
wastewater that is not treated properly can have oxygen demand and will consume oxygen when 
introduced to a body of water. DO is extremely important to the survival of aquatic life, and so is 
considered an important parameter to monitor. 

During Phase I monitoring, DO values ranged from 5.61 to 11.26 mg/L (Figure E-8). The 
median of all Phase I measurements was 8.6 mg/L. Though ranges differed slightly, medians of 
the individual streams did not vary much from the overall median, with the exception of Swan 
River, which appears to be slightly more oxygenated than other parts of the study area (Figure 
E-8). Percent saturations could not be calculated for this phase because the exact barometric 
pressure of each site was not measured.  
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Figure E-8 
DO Values Measured During Phase I (September 2001–March 2002) of This Study 
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During Phase II barometric pressure was measured at each site, so it was possible to calib
DO meter at each site according to the precise conditions of saturation based on both tem
and barometric pressure. Therefore, both DO concentration and percent saturation were obt
However, some malfunction is believed to have occurred in the Phase II

rate the 
perature 

ained. 
 sampling because 

results of the measurements were often times exceptionally supersaturated (for example, 198%). 
r that caused doubt in the values measured was drift of the DO meter. Oftentimes, 

it was impossible to get a stable reading. The DO meter is part of a multi-probe that is used 

rvice oncern th re of the trends when Phase II DO 
lu . The c ncy se s at the l t even valid as 
 i ion of ups stream o e

in the validity of Phase II DO measurements, all Phase II DO readings were eliminated from the 

dy 

Another facto

frequently to measure other parameters such as water temperature and pH, so it was difficult to 
have the meter se
va es are plotted

d. Yet another c
 la k of consiste

 is e erratic natu
em  to indicate th  va ues are no

an nterpretat tream to down r s asonal trend. Due to these concerns and doubts 

data set. 

pH 

Natural waters usually have a pH of around 7. Maintenance of a relatively neutral pH is 
important because aquatic life can usually survive only in a pH range of 5 to 9 (Metcalf & Ed
2003). Significant deviation from this range can indicate addition of pollutants, including 
wastewaters, which have higher or lower pH. There were more than 150 pH measurements made 
during this study from September of 2001 to September of 2002.  

The values measured ranged from 6.58 to 8.95 standard units. However, 75% of the pH 
measurements fell in the range of 7.17 to 8.27 standard units. Median of all pH measurements 
taken was 7.86 standard units. pH did not vary much among the streams monitored in this study 
(Figure E-9). For example, median pH measured in the Blue River was 7.95. In Pennsylvania 
Creek, this value was 7.96. In the Swan River and Tenmile Creek, average measured pH was 
7.63 and 7.71 respectively. Figure E-9 displays pH values for each stream in the study area. 

 

E-31 



 
Water Quality Monitoring 

6.5

7

7.5

8

8.5

9

pH

All BR PC SR TMC

Stream Name  
Figure E-9 
All pH Values Measured in This Study 

Water Temperature 

The final field parameter measured for this study is water temperature. Temperature can affect 
such things as reactions, reaction rates, and aquatic life, so it is important that water temperatures 
remain within their normal seasonal range. Water temperatures in the Dillon Reservoir watershed 
were typically low. About 85% of the measurements taken were below 10 °C. During this year of 
measurements, temperatures ranged from −1.7 °C to 17.35 °C. Median water temperature in the 
study area was 2.95 °C. Figure E-10 summarizes temperature data from this study. Two of the 
focus areas, Swan River and Tenmile Creek, were not monitored during the warmer, Phase II 
months, which should be considered. Hence, overall range and median are likely lower than 
would have been observed if temperatures were recorded for the spring and summer months. 
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Figure E-10 
Temperature Values Measured During Both Phases of This Study 

Inorganics 

A broad suite of inorganics was measured as a part of this study. Anions, including chloride, 
fluo oad suite of cations was also measured, including the 
following metals: 

 Aluminum • Chromium • Magnesium • Silver 

 Arsenic • Cobalt • Manganese • Sodium 

• • Copper • Molybdenum • Lead 

• • Nickel • Strontium 

• • Potassium • Selenium • Tin 

• Cadmium • Lithium • Silica • Vanadium 

 

ride, and sulfate were measured. A br

 
•

•

Barium 

Beryllium • Iron 

Calcium 

   • Zinc 
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Other inorganics that we m lude bor  ients. e
ude a var y gen and phosphorous species. A limited set of these 
l be inclu ection. That w or i

n ell as those a stituents of dom ater.  

r poses of this jor ions include the following cations and anions:  

e • C • • Sodium 

• Calcium • Chloride • Potassium • Sulfate 

s 
). 

he equivalence of calcium and 
gnesium, because con n ns of barium an  are very sma in

prise a la n of the dissol s in water ionic 
 can be repr n ial form f trilinear diagram known as a Piper diagram 

tion of per diagrams. Phases I and II Piper diagrams 
y 

a1+ + 

. 

 Phase I trilinear diagram, it is apparent that calcium was the dominant cation in nearly 
all  the Blue and Swan Rivers, calcium usually accounted for 60 to 85% of all cations. 
Thi  Creeks, where calcium accounted 
for 80 to 90% of all cations. The anion diagram shows more dramatic differences in streams. In 
nearly all cases, sulfate is the dominant anion in Tenmile Creek accounting for nearly 75 to 90% 
of all anions. The majority of the remaining relative percentages are dominated by carbonate. 
However, in Pennsylvania Creek, carbonate accounts for 100% of all anions. In the Blue and 
Swan Rivers, carbonate dominates at the lower range of 60 to 90%. 

 

re easured inc on, sulfur, and nutr Th  nutrient 
parameters incl
parameters wil

iet  of nitro
ded in this s set ill include those f  wh ch there is a 

sta dard as w  th t are con estic wastew

Major Ions 

Fo  the pur appendix, ma

• Bicarbonat arbonate Magnesium 

These ions are usually the ones found in the most abundance in natural waters. Other, lesser ion
can be grouped in with these major ions according to chemical characteristics (Walton 1970
For example, calcium, barium, strontium, and magnesium all share similar chemical 
characteristics (+2 charge). In most natural waters, including those in this study area, total 
concentration of these four ions can be estimated by adding t
ma ce tratio d strontium ll  comparison.  

Major ions com rge portio ved constituent , and this 
composition
(Walton 1970). Figure E

ese ted by a spec
-11 is an explana

 o
Pi

for this study can be found in Figure E-12 and Figure E-13. These diagrams do not conve
concentrations of these ions, but do show relative percentages of the major cations (Ca2+, N
K1+, and Mg2+) and anions (HCO3

-+CO3
2-, SO4

2-, and Cl-) on two separate trilinear diagrams. The 
diamond field shown in the middle shows the overall chemical character of the water using a 
third point that is an intersection of lines projected from the separate cation and anion points

From the
samples. In
s percentage was higher in both Tenmile and Pennsylvania
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Source: Wynn 2001 

 
n to Interpret Piper Diagrams Shown in Figure E-12 and Figure E-13  

Similar trends were seen in the Piper diagram generated for Phase II; however, during this time, 
only sites from the Blue River and Pennsylvania Creek were monitored. In the Blue River 
samples, there were some instances where there was no dominant cation. However, in the 
majority of cases, calcium dominated accounting for 60 to 95% of all cations. As seen in Phase 
II, calcium represented 80 to 90% of all cations in Pennsylvania Creek. Carbonate was the 
dominant anion in all Phase II samples. In the Blue River, carbonate was 60 to 90% of all anions. 
This number was again higher in Pennsylvania Creek where Carbonate accounts for nearly 100% 
of all anions. 

Figure E-11
Explanatio
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Figure E-12 
Piper Diagram for Phase I Major Ions 
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Figure E-13 
Piper Diagrams for Phase II Major Ions 

Trace Elements 

The following trace elements were included in the analyses conducted in this study: 

• Aluminum • Chromium • Molybdenum • Strontium 

• Antimony • Cobalt • Nickel • Sulfur 

• Arsenic • Copper • Potassium • Tin 

• Barium • Iron • Selenium • Thallium 

• Beryllium • Lead • Silica • Vanadium 

• Boron • Lithium • Silver • Zinc 

• Cadmium • Manganese • Sodium  
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Trace elements can be crucial to the health of living organisms, but toxic when present in high 
amounts. Therefore, oftentimes water quality standards are set for certain trace elements. They 
will only be discussed in detail for the purposes of this study if there is an applicable water 
quality standard. In such a case, the Water Quality Assessment section will denote whether or 
not the surface waters in this study meet the given criteria. Trace elements that were compared to 
surface water quality standards in this study are as follows:  

• Boron • Iron • Nickel • Silver 

• Cadmium • Lead • Selenium • Zinc 

• Copper • Manganese   

Table E-9 provides a brief synopsis of the results of analyses of these ten trace elements 
including the range and median value measured in each stream. The table also denotes the 
number of total measurements made for each parameter, in each river, and how many were found 
to be below the detection limit. These ranges will include Phase II sampling in the Blue River 
and Pennsylvania Creek values, but not values from the remaining surface waters, which is 
important to keep in mind. Further discussion can be found in the Water Quality Assessment 
section. 

Table E-9 
Synopsis of Trace Metal Analyses Relevant to This Study 

Range (mg/L) 0.008-0.129 0.018-0.087 0.001-0.044 0.019-0.028
Median (mg/L) 0.0362 0.0461 0.0182 0.0212

#UR/Total measured 27/88 9/20 8/16 8/14
Detection limit 0.0002 0.0002 0.0002 0.0002

Cadmium (Cd)
Range (mg/L) 0.003-0.013 --- --- ---

Median (mg/L) 0.0069 --- --- ---
#UR/Total measured 84/88 --- --- ---

Detection limit 0.0045 0.0045 0.0045 0.0045
Copper (Cu)

Range (mg/L) 0.007-0.007 0.001-0.005 --- ---
Median (mg/L) --- 0.0030 --- ---

#UR/Total measured 87/88 18/20 --- ---
Detection limit 0.1031 0.1031 0.1031 0.1031

Iron (Fe)
Range (mg/L) 0.002-0.27 0.004-0.316 0.005-0.024 0.005-0.03

Median (mg/L) 0.0219 0.0324 0.0151 0.0082
#UR/Total measured 60/88 14/20 12/26 11/14

Detection limit 0.0008 0.0008 0.0008 0.0008
Lead (Pb)

Range (mg/L) 0.052-0.052 0.07-0.07 --- ---
an (mg/L) --- --- --- ---

---
Detection limit 0.0194 0.0194 0.0194 0.0194

Blue River Penn Creek Swan River Tenmile Creek
Boron (B)

Medi
#UR/Total measured 87/88 19/20 ---
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Table E-9 
Synopsis of Trace Metal Analyses Relevant to This Study (Cont.) 

Blue River Penn Creek Swan River Tenmile Creek
Manganese (Mn)

Range (mg/L) 0.001-0.303 0.001-0.072 0.001-0.019 0.059-1.439
Median (mg/L) 0.0205 0.0170 0.0088 0.2210

#UR/Total measured 28/88 10/20 6/16 0/14
Detection limit 0.0278 0.0278 0.0278 0.0278

Nickel (Ni)
Range (mg/L) 0.005-0.136 0.019-0.218 --- ---

Median (mg/L) 0.0124 0.1187 --- ---
#UR/Total measured 85/88 18/20 ---

Detection limit 0.0302 0.0302 0.0302
---

0.0302

- ---
- ---

87/88 - ---
Detection limit 0.0445 0.0445 0.0445 0.0445

Selenium (Se)
Range (mg/L) 0.037-0.037

Median (mg/L) ---
-- ---
-- ---

#UR/Total measured -- ---

 

 

his 

s. During Phase II the total phosphorous, dissolved 
hosphate, and total dissolved phosphorous were analyzed. During Phase I all nutrient analyses 
ere done in laboratories at the CSM. However, during Phase II all nutrient analyses were 

conducted by the NWQL.  

 

 

 

 

 

 

Silver (Ag)
Range (mg/L) 0.002-0.002 --- --- ---

Median (mg/L) --- --- --- ---
#UR/Total measured 87/88 --- --- ---

Detection limit 0.0424 0.0424 0.0424 0.0424
Zinc (Zn)

Range (mg/L) 0.001-4.825 0.011-0.079 0.008-0.017 0.03-0.096
Median (mg/L) 0.0311 0.0375 0.0134 0.0680

#UR/Total measured 51/88 16/20 11/16 6/14
Detection limit 0.0617 0.0617 0.0617 0.0617

Note: UR = under range (< minimum detection limit) 
#UR/Total measured reveals the number of total measurements found to be below detection
limits 

Nutrients 

Nutrient parameters measured in this study were species of both nitrogen and phosphorous. 
During Phase I, nitrogen species included nitrate, ammonia, and total nitrogen. In Phase II t
was expanded to include nitrite and organic nitrogen. During Phase I, phosphorous species 
included total phosphate and total phosphorou
p
w
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Nutrient parameters were important to this study. As mentioned, a goal of this study is to 
determine what, if any, are the effects of OWS on the surface waters in the study area. Nutrients 
can be found in high concentrations in domestic wastewaters and comparatively lower 
concentrations in pristine surface waters. Therefore, elevated nutrient levels or increasing 
nutrient trends may be one way to assess if waters are being impacted by OWS effluent. 
Nutrients are also important to this study area because they are elements critical for biological 
growth. Elevated nutrient levels can cause increased biological growth and eventually 
eutrophication of surface waters, which is especially a concern in lakes. Summit County has a 
special interest in this issue because all surface waters in this study area eventually flow into 
Dillon Reservoir. If nutrient levels were to become elevated, eutrophication could be a concern 
for the reservoir. 

As mentioned, during Phase I all nutrient analyses were done at CSM. During this time, many of 
the results were found to be below the detection limits. In fact, nearly all ammonia, total 
nitrogen, and total phosphorous results for the entire phase were below the detection limits  
(0.1 mgN/L, 1 mgN/L, and 0.046 mgP/L respectively). As a result the only nutrient parameters 
that can be presented are those for nitrate and phosphate. Figure E-14 and Figure E-15 are 
box-whisker plots of all nitrate and phosphate data collected during the Phase I sampling period.  

Nitrate concentrations measured in the study area during Phase I ranged from 0.003 mgN/L to 
2.7 igure E-14 shows the ranges of nitrate that were measured in both the entire 
stud  River and 
the highest value was measured in Tenmile Creek. The greatest range of nitrate values was found 
in Tenmile Creek. Nitrate concentrations in Swan River showed the smallest variability. Median 
value of nitrate for all nitrate values measured was 0.176 mgN/L. Median values in Blue River 
and Pennsylvania Creek were close to this at 0.197 and 0.121 mgN/L, respectively. In the Swan 
River, the median was slightly lower at 0.023 mgN/L. The median value in Tenmile Creek was 
0.381 mgN/L, higher than other streams in the study area.  

Figure E-15 presents phosphate data that were measured during Phase I of this study. The 
minimum value measured in this study area was 0.001 mgP/L. This minimum value was the 
same for all streams. The maximum value in the study area was 0.043 mgP/L, measured in the 
Blue River. The median of all phosphate concentrations was 0.008 mgP/L, as was the median 
value for the Blue River.  

 

22 mgN/L. F
y area and each individual stream. The lowest nitrate value was measured in Swan
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Figure E-14 
Box-Whisker Plot of Nitrate Measurements From Phase I 
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Figure E-15 

 Plots of Phosphate Measurements From Phase I Box-Whisker
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Beginning in June 2002 all nutrient parameters were analyzed at the USGS NWQL to obtain 
precise, low-level nutrient data. The NWQL can achieve lower detection limits and analyze more 
parameters (such as organic nitrogen and dissolved phosphorous) than laboratories at CSM. As a 
result, there is more extensive nutrient data available for Phase II than for Phase I.  

Figure E-16, Figure E-17, Figure E-18, and Figure E-19 are box plots that display the results of 
Phase II nutrient analyses. Results of all nutrient parameters measured in Phase II are included 
on these plots. These graphs are organized slightly different from Phase I data. Instead of being 
organized according to parameter, four graphs have been made, two each for the Blue River and 
Pennsylvania Creek. For each of these streams there is a graph displaying results of all nitrogen 
species analyses and a graph displaying the results of all phosphorous species analyses. The only 
two streams analyzed during this phase were the Blue River and Pennsylvania Creek, and no 
Phase II data is available for the other streams discussed in Phase I. 

The following nitrogen parameters were analyzed by the NWQL: 

• Dissolved ammonia • Dissolved nitrite 

• Dissolved ammonia plus organic nitrogen • Dissolved nitrogen 

• 

Two of these parameters, dissolved ammonia and dissolved nitrite, were below the detection 
limit in all cases (0.015 mgN/L and 0.0023 mgN/L, respectively). For the purposes of various 

g total and dissolved nitrogen values) these concentrations were estimated 
it by two, yielding an estimated value for ammonia of 0.0075 

asionally, other parameters were 

 mit divided by two. These a uded in the plots of data found in 
, a  . Further presentation of nitrogen 

r s tr ecause it is the nitrogen species of most 

of 
es 

 

Dissolved nitrite plus nitrate • Total nitrogen 

calculations (calculatin
by dividing the detection lim
mgN/L, and an estimated nitrite value of 0.0012 mgN/L. Occ
found to be below the detection limit as well. In these cases, the value was again represented as 
the detection li  v lues were incl
Figure E-16, Figure E-17, Figure E-18
pa ameters will be limited to nitrate plu

nd Figure E-19
ni ite results b

interest to this study. 

Phase II nitrate plus nitrite results were lower than Phase I results in both the Blue River and 
Pennsylvania Creek. In the Blue River, Phase II nitrate plus nitrite concentrations ranged from 
0.065 to 0.459 mgN/L (Figure E-16). Please note that for the remainder of this chapter nitrite 
plus nitrate will be referred to solely as nitrate since nitrite concentrations were all below the 
detection limit, making nitrite plus nitrate concentrations predominantly nitrate. Median value 
nitrate in the Blue River during this phase was 0.067 mgN/L. Pennsylvania Creek nitrate valu
were measured in the range of 0.02 to 0.07 mgN/L (Figure E-17). The median nitrate 
measurement for Pennsylvania Creek was 0.0425 mgN/L. During Phase II, the Blue River 
displayed the most variability in the data set. 
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Box-Whisker Plots of Nitrogen Results for the Blue River During Phase II Analyses 
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Figure E-17 
Box-Whisker Plots of Nitrogen Results for Pennsylvania Creek During Phase II Analyses 
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Three phosphorous parameters were analyzed by the NWQL for the purposes of this study:  

• Dissolved phosphorous • Total phosphorous 

• Dissolved phosphate  

As seen with some of the nitrogen species, 
d mit in all  limit by two to obtain 
0 L. Disso found to be below the detection limit 
and in those instances was also estimated as the detection limit divided by two to obtain a value 
of 0.02 mgP/L. Estim  included in the data range 
p d in the grap  the three phosp s 
parameters, phosphate is of the m se it was found to be below the 
detection limit in all ed phosphorous, which would 
i issolved les. Note that dissolv
p  would a rous present in the sample. 

D hosphoro mgP/L durin ase II 
(Figure E-18). The m  mgP/L. Comparing this data to 
Phase I measurements is not valid because concentrations for Phase I were of phosphate only and 
n l dissolved ph lightly higher than the range 
m yl igure E-19). ian values 
f wo streams, however, were equal. The Blue River again displayed the most variability in 

dissolved phosphate was found to be below the 
cases and was estimated by dividing the detection
lved phosphorous was occasionally 

etection li
.0035 mgP/

ated dissolved phosphorous concentrations were
hs shown in Figure E-18 and Figure E-19. Of

ost interest to this study. Becau
resente horou

cases, this chapter will instead discuss dissolv
 phosphate present in the analyzed samp
lso include any dissolved organic phospho

nclude any d
hosphorous

ed 

issolved p us in the Blue River ranged from 0.002 to 0.004 
edian measurement in this range was 0.0028

g Ph

ot tota
easured in Penns

or the t

osphorous. Phase II Blue River range was s
vania Creek, which was 0.002 to 0.003 mgP/L (F  Med

concentration range.  
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Figure E-18 
Box-Whisker Plots of All Blue River Phosphorous Analyses Conducted in Phase II 
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           Pennsylvania Creek Phosphorous Species, Phase II
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Figure E-19 
Box-Whisker Plots of All Pennsylvania Creek Phosphorous Analyses Conducted in  
Phase II 

Other Parameters 

Fiv arameters were analyzed during this study: 

• Alkalinity • Total solids 

OD) • Turbidity 

• Fecal coliform bacteria  

 are based only 

lids in the water, and solids analyses were conducted. 
portant

p of th w ill not be further discussed. Finally, fecal 
ria data are especially useful as an indicator of the presence of human and/or 

re found to be zero in approximately 60% of all fecal coliform 
c no trend coul e e greater-than-zero values. 

e remaining p

• Chemical oxygen demand (C

Table E-10 summarizes the results of these analyses. Note that the ranges of COD
on actual values and not those that were found to be below the detection limit. Seventy percent of 
all COD measurements were below the detection limit (1 mg/L COD). Turbidity was measured 
at each site during the study. Turbidity is not further discussed because turbidity in this study is 
primarily an indicator of the levels of so
Alkalinity, though potentially im
su port any of the conclusions 

 as a basic water quality indicator, was not needed to 
is ork and w

coliform bacte
animal waste; however, results we
ba teria analyses and d b  detected in th
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Table E-10 
Summary of Results From Remaining Parameters for the Entire Study Area 

Parameter Entire 
Study Area Blue River Pennsylvania 

Creek Swan River Tenmile 
Creek 

COD (mg/L)      

 Range 0.5–79 1–14 0.5–65 1–3 1–4 

 Median 3 3.6 1 1.5 1 

 #UR/Total measured 107/150 70/95 16/21 10/16 9/14 

Turbidity (NTU)      

 Range 0.07–7.5 0.14–7.5 0.07–0.0825 0.15–2.25 0.22–1.5 

 Median 0.523 0.57 0.21 0.6 0.61 

 #UR/Total measured N/A N/A N/A N/A N/A 

Alkalinity (mg/L)      

 Range 25–116 25.5–98 35–88 25–58 32–70 

 Median 54 58 58 36 44 

 #UR/Total measured N/A N/A N/A N/A N/A 

Fecal Coliform (#/100mL)      

 Range 0–52 0–30 0–15 0–52 0–20 

 Median 0 0 0 0 2  

 # N/A N/A N/A UR/Total measured N/A N/A 

Not ange (less than minimum detection limit); N/A = Not applicable 

s 

demand, 
solids, or fecal coliform bacteria. Table E-11 summarizes some of the potential impacts to water 
quality monitoring variables that might reveal this impact, and whether or not there is the 
potential to find that impact in this study area.  

 
 

e: UR = Under R

Water Quality Assessment 

Many activities can cause degradation of water quality. Associated with each activity are variou
parameters that might reveal the cause of the degradation. For example, if wastewater were 
impacting water quality, it might be apparent in elevated levels of nutrients, oxygen 
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Table E-11 
Example Water Quality Impacts and Associated Monitoring Parameters 

Source of Impact Examples of Parameters to Identify 
Potential for Impact in 

Study Area? 

Domestic 
wastewater 

Nutrients (N and P species), solids, oxygen demand, 
chlorides, boron, sulfur, fecal coliform bacteria, 
pharmaceuticals, increased alkalinity  

Yes 

Mining 
Depends on type of mining, but some examples are 
decreased pH, alkalinity, sulfates, and metals—
especially iron, lead, copper, and zinc 

Yes 

Industrial 
wastewater 

Depends on industry, but some variables might 
include oxygen demand, trihalomethanes, 
hydrocarbons, benzene, and various metals 

No 

Ag
Nutrients (N and P species), solids, chlorides, fecal 

selenium, sodium, calcium, magnesium 
No riculture coliform bacteria, pesticides, herbicides, boron, 

Urban 
development and 
runoff 

Heavy metals, chlorides, organic compounds, 
nutrients (N and P species), fecal coliform bacteria Yes 

As previously mentioned, one of the primary goals of this study is to determine what, if any, are 
the effects of development, and specifically OWS, on the surface waters in the study area. This 
goal was approached in two ways. 

The first approach was to study trends in both space and time, which enables the water quality at 
each site to be put into context with the water quality at other times of the study and at other 
sites. Essentially, studying trends in time reveals any times of the year that water quality may be 
more impacted than others (low flow). Studying trends in space enables the establishment of a 
land-use gradient. A land-use gradient can be established by sampling sites located in areas 
upstream of development, in areas of limited development, in areas of maximum development, 
and downstream of all development. In this way, if constituent levels are observed from 
upstream to downstream (a trend in space), a gradient may be observed that shows where areas 
of impact begin and end. 

The second approach was to compare in-stream constituent concentrations to state surface water 
quality standards for the area. This approach enables the water quality of the area to be put in 
context with the quality of other surface waters. 

The Results section introduced some of the water quality results obtained in this study, but made 
no attempt at interpretation of any trends. These results are further discussed in the information 
provided in this section in order to assess any potential impacts that are present in the Dillon 
Reservoir watershed. First, the trends in space and time of some parameters are presented. 
Second, certain water quality standards are compared to other parameters. Finally, some 
potential causes of the trends introduced in the first section are discussed.
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Figure E-20 illustrates sample stations and Figure E-21 illustrates important features in the stud
area (focus areas, areas of development, and sources of pollution).  

y 

 
Figure E-20 
Map of All Sample Sites Chosen for This Study 

 
Figure E-21 
Important Geographical Features in the Study Area 
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Trends in Space and Time 

The importance of utilizing trends in space and time to answer the questions presented by the
goals of this study cannot be understated. This aspect is the key manner in which 
develop

 

mentally impacted areas will be identified. However, not all parameters will be analyzed 
for trends in space and time. Since the main objective of this study is to identify effects that are 
developmentally related, only variables that would reveal this relationship will be studied, which 
wil following parameters: 

•  

These parameters were chosen mainly because they may reveal the effects of domestic and 
municipal wastewater input.  

There is one other main source of impact to this study area, which is mining. Table E-11 
addresses some of the variables to be studied in order to determine these impacts. Mining is not a 
main concern of this study; therefore, trends in space and time of most metals analyzed will not 
be presented. However, many of the water quality standards used in this study are standards for 
metals, therefore the comparison to the standards should provide information on any elevated 
levels of metals, and hence potential mining impacts, in the study area. 

Flow 

Flow does not provide a great potential for revealing impacts to water quality. Flow is crucial 
however to explaining some of the fluctuations seen in other parameters, and in calculating mass 
flow ream flow trends are discussed here. 

As he start of 
monitoring in September, flow decreased until spring and then began to increase (Figure E-22). 

ng stations that are 
maintained by the USGS. Several gaging stations were included as monitoring sites in this study. 
By looking at the data available from select gaging stations in the study area (USGS 2002), it is 
pos nd maximum flow occurred.  

 

l include the 

Chemical oxygen demand • Nutrients

• Chlorides • Sulfur 

• Field parameters • Total solids 

• Flow  

 rates. Therefore both seasonal and upstream to downst

expected, flow measurements demonstrated a clear seasonal flow pattern. From t

This increase lasted until summer. In mid-summer, flow began to decline again. 

These flow values are based solely on flows observed during a monthly sampling event, which is 
important to keep in mind. These values should not be used to indicate when the month of 
minimum or maximum flow occurred. This determination is made by studying mean monthly 
flows that can be calculated when flow is measured more frequently than once per month.  

Flow is measured on a near-continuous basis (every 15 minutes) at gagi

sible to get a better idea when the months of minimum a
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Seasonal Flow Variation at Select Sites
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Note: BR10 and FT1 are at the inlets to Dillon Reservoir 

Figure E-22 
Graph of Seasonal Flow Variation at Two Sites in the Study Area 

Mean monthly flow data from three gaging stations in the study area, situated at sites BR5, 
BR he month of March and ma um 
flow in the month of June (Figure E-23). Flow at all sample sites likely had similar patterns. 
Gaging station flows and CSM flows were co h is important to note. 

10, and FT1, show that minimum flow occurred during t xim

mparable, whic
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Figure E-23 
Mean Monthly Flow Collected at Two Gaging Stations in the Study Area 
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With the exception of Pennsylvania Creek, which was monitored during Phase II, upstream to 
downstream trends in the focus area are difficult to determine as there were only two to three 
sites located along each of these streams. Furthermore, these sites were the most affected by ice 
cover, limiting the number of times flow was measured. No statements can be made about flow 
trends in the Swan River. Pennsylvania Creek summer flow measurements indicated that flow 
between PC1 and PC2 remains fairly constant sometimes showing slight decreases, and other 
times slight increases. Flow between sites FT1 and FT2 on Tenmile Creek is considered equal 
based on measurements and on the fact that there are no apparent water inputs between the two 
sites.  

Flow along the Blue River increased from upstream to downstream with the exception of a small 
stretch through the town of Breckenridge (sites BR6 and BR7). In this stretch flow trends are 
variable and sometimes decreasing (Figure E-24). After site BR7, flows tended to increase 
sharply up to the mouth of the Blue River into Dillon Reservoir. 

Upstream to Downstream Flow, Blue River
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Figure E-24 

s move downstream from left to right o e x-axis 

Flow Values Measured Along the Blue River 

Field Parameters  

 
re 

 of sampling through the winter months, began to warm in March 
and followed a warming trend through July. No August sample was taken, but by September 

n th

All field parameters measured in this study displayed seasonal variation with the exception of
pH, which remained relatively constant through the duration of this study. Water temperatu
dropped from the beginning

2002, temperatures had begun to cool once again (Figure E-25). 
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Seasonal Temperature Trends at Select Sites
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Figure E-25 
Seasonal Temperature Trends at Select Blue River Sites 

DO measurements increased from October to December and then decreased through February in 
most cases. A slight increase began in spring months. No DO data is available for the summer 
months of this study because, as mentioned in the Results section, Phase II DO values were 
censored. Figure E-26 shows seasonal DO trends representative of what was observed in this 
study. 

Seasonal DO Variation, Blue River
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Figure E-26 
DO Trends Typical of Sites in the Study Area 

Unlike the seasonal trends, upstream to downstream trends in water temperature displayed little 
regularity in all streams. In other words, some sampling trips displayed a warming trend and 
others a cooling trend from upstream to downstream sites. There was one consistent occurrence 
along the Blue River from sites BR7 to BR9. Between these sites a warming trend was usually 
seen (Figure E-27). 
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Downstream Temperature Trends, Blue River
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Note: Locations move downstream from left to right on the x-axis 

Figure E-27 
Graph of Temperature Trends Typical of Those Seen in Sites BR7, BR8, and BR9 

Consistency was seen in the upstream to downstream trends in pH of all streams. pH tended to 
increase in Pennsylvania Creek from PC1 to PC2. pH in Swan River tended to increase from 
SR1 to SR2, but then decrease from SR2 to SR3 so that overall pH was constant. pH in Tenmile 
Creek between sites FT1 and FT2 was also constant. More variability was displayed between 
sites along the Blue River. pH consistently increased from BR1 to BR2 and decreased from sites 
BR3 to BR4. Beginning around site BR7, an increase in pH was observed until site BR9. 
Between BR9 and BR10 pH tended to decrease (Figure E-28). 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-28 
Three months of Upstream to Downstream pH Trends Measured in the Blue River 
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Upstream to downstream trends in conductivity displayed no regular trends in the Pennsylvania 
Creek focus area (PC1 to PC2). In the Swan River focus area, however, increasing specific 
con . In Tenmile 
Creek, measurements were generally constant from FT1 to FT2. However, these values were 

ductance was consistently observed between sites SR1 and SR3 (Figure E-29)

always much higher than those seen in the remainder of the study area (Figure E-30). 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-29 
Specific Conductance Values Measured in Swan River 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-30 
Specific Conductance Measurements in Tenmile Creek Compared to the Study Average 
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With the exception of a decrease from sites BR1 to BR2, specific conductance in the Blue Rive
was relatively constant through the entire study stretch (Figure E-31). In the early months 
(September through December 2001) of the study a peak was also seen at site BR7.  

r 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-31 
Limited Months of Blue River Specific Conductance Data 

r, DO decreases 
were regularly observed between sites BR3 and BR4 (Figure E-32). In some months decreases 
also occurred between BR4 and BR5. Note that the minimum DO measurements in the Blue 
River tended to fall at site BR8. For potential causes of these and any of the other trends 
discussed in this section refer to the Discussion of Trends and Assessment of Impact section. 

Upstream to downstream DO trends in both Pennsylvania Creek and Swan River tended to 
increase moving downstream. In Tenmile Creek, slight decreases between FT1 and FT2 were 
observed. These decreases were, however, less than 0.5 mg/L in all but one sample month 
indicating that DO was nearly constant between the two sites. In the Blue Rive
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Dissolved Oxygen- Blue River, Phase I

0

2

4

6

8

10

12

m
g/

L
Oct
Dec
Jan
Mar

BR1
BR2

BR3

BR4W BR5
BR6 R7

BR8
BR9

BR10B

Site ID

 

, they 

pter, trends of nutrients will be presented in two sections, one each for 
nitrogen and phosphorous. 

• Nitrate 

• Total nitrogen 

During Phase II, nitrogen parameters were expanded to include organic nitrogen and nitrite. 
Certain nitrogen species (ammonia and nitrite) were found to be below the detection limit in all 
samples analyzed. These species will not be discussed beyond this point. In Phase I, total 
nitrogen measurements were also consistently below the detection limit. In Phase II, the total 
nitrogen parameter was not obtained through analysis but through the addition of the analyses 
that make up total nitrogen (the total of ammonia, organic nitrogen, nitrate, and nitrite). Of the 
forms of nitrogen that comprise total nitrogen, two (ammonia and nitrite) have already been 
stated to be below the detection limit in all cases. This fact indicates that the majority of nitrogen 
found in this study was in the forms of organic nitrogen and nitrate. Therefore, rather than 
discuss total nitrogen, these two forms will be discussed individually. 

Figure E-32 
DO Trends in the Blue River for Select Months 

Nutrients 

Nutrients in this study include several species of nitrogen and phosphorous. As mentioned
are particularly important in this study as they can be indicators of wastewater input. For the 
purposes of this cha

The following nitrogen species were measured during the entirety of this study: 

• Ammonia 
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The order of

1. ible, Phase II 

 

cus areas were studied during Phase I. When possible, mass flow 
rates were calculated for these focus areas. This was not feasible in the Swan River and 
Pennsylvania Creek focus areas due to lack of flow data during these months; however, 
con centration data are too few to discuss 
seasonal trend; trends in space will be addressed in this section. Seasonal fluctuations in nitrate 
leve rom mid-fall to 
early winter and increased slightly from December to January. After January, concentrations 

d 
s 

 discussion will be as follows: 

Seasonal nitrate trends in all streams during Phase I and, where poss

2. Upstream to downstream trends of nitrate in Tenmile Creek and Swan River focus areas 

3. Upstream to downstream trends of both nitrate and organic nitrogen in Pennsylvania Creek
and the Blue River 

Seasonal variation in organic nitrogen will not be discussed, as there are not enough months of 
data present. 

Nitrate levels in all three fo

centrations were measured. In the Swan River, even con

ls in Pennsylvania Creek were apparent. Nitrate concentrations decreased f

decreased until September (Figure E-33). In Tenmile Creek seasonal nitrate trends were studie
using mass flow rates because flow values were available for all months. These mass flow rate
decreased from September to November, increased slightly from November to January, and 
displayed a much larger jump from January to February, followed by a decrease from February 
to March (Figure E-34). 
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Figure E-33 
Seasonal Variations in Nitrate Concentrations Measured in Pennsylvania Creek 
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Seasonal Nitrate Variation, Tenmile Creek
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Figure E-34 
Nitrate Loading in Tenmile Creek Sites as Measured During Phase I Sampling 

There were a variety of important seasonal variations in nitrate loading that were observed in the 
Blue River. The easiest approach is to split the trends into those observed in the upstream sites, 
BR1 through BR6, and those observed in the downstream sites BR7 through BR10. In the 
ups mber, followed 
by vels stayed low. From 
March to May mass flow rates increased, after which they decreased until the end of sampling in 

tream sites increases in nitrate mass loading were seen from October to Nove
decreases from November to December. From then until March, le

September 2002 (Figure E-35). 
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Figure E-35 
Seasonal Nitrate Trends in BR1 Through BR6 for the Entire Study Period 
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Seasonal trends in the downstream sites varied from what was just presented for the upstream 
sites. The first difference is that there is no increase in mass flow in the fall. Instead, decreases 
were observed from September until December. After this trends varied, but mass flow remained 
low through March. By May, mass flow had increased in the one downstream site that was 
monitored that month: BR10 (Figure E-36). Since increases also occurred by May in the 
downstream sites and BR10, similar patterns likely were seen at other sites. 
 

Seasonal Nitrate Variation, Downstream Blue River, 
September, 2001-September, 2002
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Figure E-36 
Seasonal Nitrate Mass Flow Rate Trends in BR7 Through BR10 for the Entire Study Period 

As mentioned previously, all Swan River nitrate trends must be discussed with regards to 
concentration values and not mass flow rates because of the low numbers of flow values 
available for the area. Upstream to downstream concentration trends in the Swan River were 
relatively constant, varying less than 0.05 mgN/L.  

In Tenmile Creek, upstream to downstream trends were analyzed using mass flow data. Trends 
here were found to be variable, sometimes increasing and sometimes decreasing from FT1 to 
FT2 (Figure E-37). One important thing to note is that mass flow from Tenmile Creek into 
Dillon Reservoir is similar in amount to that of the Blue River. In Tenmile Creek, nitrate mass 
flow ranged from approximately 16,000 to 151,000 g-N/day. In the Blue River this range was  
20,000–178,000 g N/day.  

In Pennsylvania Creek, Phase I nitrate concentrations decreased from PC1 to PC2 during all 
months. Mass flows were not available for Phase I in this focus area because, as m ntioned, there 
were not enough flow data. Phase II nitrate trends from PC1 to PC2 are best presented alongside 
org of Trends and Assessment of Impact 
section will present potential causes of nitrate and organic nitrogen together.  

e

anic nitrogen data because in most cases the Discussion 

E-59 



 
Water Quality Monitoring 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-37 
Nitrate Mass Flow Rate Trends Observed Between Sites FT1 and FT2.  

Organic nitrogen in this study was measured as a part of the Total Kjeldahl Nitrogen (TKN) 
analysis. TKN analysis measures ammonia nitrogen plus organic nitrogen. A separate analysis 
was conducted in this study to measure ammonia only. As mentioned, all ammonia results were 
found to be below the detection limit. Therefore, TKN measurements in this study consist 
primarily of organic nitrogen and will be referred to as such for the remainder of this appendix. 
During Phase II, mass flow rates of both organic nitrogen and nitrate in Phase II decreased from 
PC1 to PC2 in all cases except one. In June, organic nitrogen only demonstrated an increasing 
trend. Figure E-38 is an example of the typical pattern seen in this area. 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-38 
Nitrate and Organic Mass Flow Trends Typical of Pennsylvania Creek 
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In the Blue River looking at nitrate and organic nitrogen loading trends together is again u
However, before doing so, nitrate data from Phase I will be briefly presented as there is no 
coinciding organic nitrogen data. Nitrate mass flow in the Blue River displays a first look at 
trends that will be repeated in both Phase I and Phase II data for nitrogen as well as other 
parameters and that will be a large part of the focus of the Discussion of Trends and Assessm
of Impact section.  

From BR1 to BR2 mass flow rates tended to decrease, followed by an increase from BR2 to BR3 
and an increase from BR3 to BR4. Nitrate between sites BR4 to BR5 generally decreased. 
Beginn

seful. 

ent 

ing at site BR8, large increases were observed in mass flow of nitrate. In most cases, this 
trend lasted through site BR9 and in some cases it lasted through BR10 (Figure E-39). 

  Up to Downstream NO3 Mass Flow Trends, Blue 
River- Phase I 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-39 
Select Months of Phase I Nitrate Mass Flow Trends in the Blue River 

Phase II organic nitrogen and nitrate data in the Blue River display trends such as those just 
discussed for Phase I. Looking at upstream and downstream sites separately is useful. In the 
upstream sites (BR1 through BR6), increases from BR1 to BR2, decreases from BR2 to BR3, 
and increases from BR3 to BR4 were observed in both organic nitrogen and nitrate. However, 
from BR4 to BR5 trends in the two species vary. Between these sites, nitrogen tended to 
decrease and organic nitrogen tended to increase. Another interesting observation is that in this 
stretch of the stream, organic nitrogen was the dominant species. Figure E-40 shows one month 
of organic nitrogen and nitrate mass flow trends from these sites, which is similar to the trends 
observed in other months. 
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  NO3 vs Organic Nitrogen Mass Flow Trends, 
Upstream Blue River, July 2002
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In the downstream sites (BR8 through BR10 for Phase II; BR7 was not monitored during this 
phase), trends were again similar to those observed during Phase I. Mass flow increases were 
seen beginning at site BR8. These increases were not as large in organic nitrogen as they were in 
nitrate. From BR8 to BR9 this rate remained nearly constant and from BR9 to BR10 slight 
increases were seen. This situation occurred in both nitrate and organic nitrogen. However, in 
these downstream sites nitrogen speciation is reversed from what was seen in the upstream sites, 
and nitrate becomes the dominant nitrogen species. Figure E-41 is an example of trends typically 
seen in this stretch of the river; BR6 is included in this example to give scale to the increases that 
were observed between sites BR6 and BR8. 

Note: Locations move downstream from left to right on the x-axis 

Figure E-40 
Upstream Organic Nitrogen and Nitrate Trends in the Blue River, July 2002 
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Figure E-41 
Downstream Organic Nitrogen and Nitrate Trends in the Blue River, July 
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During Phase I, the phosphorous species phosphate and total phosphorous were measured. In 
Phase II, total phosphorous, dissolved phosphate, and dissolved phosphorous were measured. 
Similar to the nitrogen species, certain phosphorous species were consistently found to be belo
the detection limit. During Phase I, total phosphorous was below the detection limit (0.046 
mgP/L) in all cases. During Phase II, dissolved phosphate was below the detection limit (0.0
mgP/L) in all cases. Therefore, what will be described in this section are total phosphate tren
Phase I as well as the dissolved and total phosphorous results measured in Phase II. Trend

w 

07 
ds in 

s of 
phosphorous in space and time will be presented. As with nitrogen, trends will continue to be 

 I. 

iver 
sites. Determination of seasonal trends was possible, however, in the upstream sites. These sites 
show that there were large decreases in phosphate mass flow from the fall to the winter months. 
After this, trends vary (Figure E-42). 

discussed in terms of mass flow rates when possible. 

As mentioned, phosphate is the only phosphorous species that was detected during Phase
However, even this data is below the detection limit in many cases, which makes it difficult to 
determine the presence of any seasonal trends in the focus areas or the downstream Blue R
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Figure E-42 
Seasonal Phosphate Trends Observed in Sites BR1 Through BR5 

Unfortunately, no other seasonal trends are available for phosphorous. All other Phase I 
phosphorous data were found to be below the detection limit. Data from Phase II cannot be 
compared with Phase I phosphate data because Phase II data are for total and dissolved 
phosphorous. Phase II data cannot stand alone to determine seasonal trends because there are 
only four months of data. Therefore, further discussion of phosphorous data will be limited to 
trends in space. 

In Pennsylvania Creek, total phosphate concentrations were available for one month during 
Phase I, and during this month concentrations decreased from PC1 to PC2. During Phase II mass 
flow rates of both total and dissolved phosphorous also decreased from PC1 to PC2 as can be 
seen in Figure E-43.  
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Dissolved Phosphorous Mass Flow, Pennsylvania 
Creek-Phase II
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Note: Locations move downstream from left to right on the x-axis 

Figure E-43 
Upstream to Downstream Mass Flow Trends for (a) Dissolved and (b) Total Phosphorous 
in Pennsylvania Creek, Phase II 

Data from Swan River total phosphate analyses in Phase I were below the detection limit too 
frequently to determine upstream to downstream trend. Tenmile Creek data showed decreases 
between FT1 and FT2 in the two months of total phosphate data that were available (Figure 
E-44). 
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Total Phosphate Mass Flow, Tenmile Creek
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Note: Locations move downstream from left to right on the x-axis 

Figure E-44 
Total Phosphate Mass Flow Rate Trends Observed in Tenmile Creek, Phase I 

In the upstream Blue River sites, trends seen in Phase I phosphate, along with those seen in 
Phase II total and dissolved phosphorous data, were similar to those seen in the nitrogen data. All 
three data sets showed trends of increases from BR3 to BR4 and decreases from BR4 to BR5. 
Total phosphorous trends are shown in Figure E-45 as an example. Unlike nitrogen, there is a 
lack of consistent trend from BR1 to BR3. 
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Downstream Blue River trends in phosphorous were slightly different from those seen in 

a.

nitrogen. Phase I total phosphate data is rather limited, but data that are present do not show the 
large downstream increases as seen in nitrogen. In Phase II, only two months (July and 
September) of data were collected in the downstream sites, with the exception of site BR10, 
which was monitored throughout the phase. In these two months, total phosphorous shows 
increases between BR6 and BR8 in one month and decreases in the other (Figure E-46a). 
Dissolved phosphorous shows slight increases between BR6 and BR8 in both months (Figure 
E-46b). Much larger increases were seen between BR8 or BR9 and BR10 in both Phases I and II 
data.  
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 Dissolved Phosphorous Mass Flow, Blue River- 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-46 
Total (a) and Dissolved (b) Phosphorous Mass Flow Trends Observed in the Blue River, 
Phase II 
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Supporting Parameters 

Thus far this appendix has focused mainly on field parameters and nutrients to enable a water
quality assessment. In the Discussion of Trends and Assessment of Impact section, when 
potential causes of these trends are discussed it will be useful to incorporate other parameters 
that may support or disprove some of the theories presented. Most of the parameters discussed
the followin

 

 in 
g information were chosen because they would help to determine if domestic or 

 

Sea  to have 
decreased from the fall through the winter and then increased by the May sampling trip (Figure 
E-47).  

municipal wastewaters are impacting the study area. Solids, oxygen demand, sulfur, chlorides 
(Metcalf & Eddy 2003) and boron (Flynn and Barber 2000) are all parameters that have the 
potential to help determine wastewater impact. As will be discussed in the Discussion of Trends 
and Assessment of Impact section, little or no impact related to development is thought to be 
present in the focus areas of this study. Therefore, trends in the supplemental parameters will be
discussed for the Blue River only. 

sonal variation of total solids in the Blue River was observed. Mass flow appears
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Seasonal Total Solids Mass Flow Rate Trends Measured in the Blue River 

 BR3 to BR4 and decreases from 
BR4 to BR5. Figure E-48 shows solids data from Phase II as an example. In the upstream sites, 

igure E-47 

Upstream to downstream trends in total solids measurements from both phases are similar to 
what was exhibited in the nutrients. To review what those trends are, there are slight increases 
from BR1 to BR2, decreases from BR2 to BR3, increases from

mass flow trends show increases occurring between sites BR6 and BR10. 
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Total Solids Mass Flow Variation, Blue River- Phase 
II
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Note: Locations move downstream from left to right on the x-axis 

Figure E-48 
Upstream to Downstream Solids Mass Flow Measured in the Blue River 

In this study, oxygen demand was measured in the form of COD as opposed to biological oxygen 
demand (BOD) for two main reasons. First, preliminary BOD tests on waters from the study area 
found BOD to be at or near zero. COD tends to be higher than BOD due to the fact that some 
thin iologically (Metcalf & Eddy 2003). 
The ys, whereas a COD test can be 
com roximately three hours. Unfortunately, COD results were also found to be 
belo

R5 to 

gs can be oxidized chemically that cannot be oxidized b
 second reason is that most BOD tests are run for five da
pleted in app
w the detection limit (1 mg/L) in the majority of samples collected during the study. 

Making any conclusions about water quality impact with only one month of COD data would be 
difficult; however, the data are presented to help support conclusions based on other water 
quality data. COD data collected in September of 2002 are shown in Figure E-49. In the 
upstream sites, COD remains low until an increase between sites BR4 and BR5. From B
BR8, COD appears to remain constant. COD increases dramatically from BR8 to BR10. 
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Note: Locations move downstream from left to right on the x-axis 

Figure E-49 
COD Mass Flow Trends for September 2002 in the Blue River 
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Seasonally, sulfur trends were similar to those observed in total solids. Mass loading rates 
decreased from September 2001 through the winter. In the May sampling trips, increases in 

a 

-50b). 

sulfur loading were seen. This trend was the same for all sites along the Blue River. Figure E-50
uses the upstream Blue River sites as an example. In both phases, mass flow trends from 
upstream to downstream are also similar to those observed in other parameters. Increases were 
observed from BR3 to BR4; trends from BR1 to BR3 and BR4 to BR5 vary. In the upstream 
sites, most months displayed an increase beginning at site BR8 (Figure E

Seasonal Sulfur Variation, Upstream Blue River
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Sulfur Mass Flow Variation, Blue River- Phase I
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Figure E-50 
Sulfur Mass Flow Trends for the Blue River: (a) Seasonal and (b) Upstream to Downstream 
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Seasonal fluctuations in mass flow rates of chlorides were again the same as those observed in
total solids (and in sulfur). Figure E-51a uses a limited number of the Blue River sites to

 
 

ase 

n 

e. Trends from BR9 to BR10 vary, but seem to continue to increase in the 

demonstrate that chloride mass flows decreased from the fall to the winter and began to incre
in spring. Chloride appears to have peaked some time during the summer (which month is not 
known due to missing data points) and then began to decline through the end of the study. Figure 
E-51b shows chloride mass flow data from upstream to downstream in Phase I to show that agai
trends are similar to what has been observed in other parameters. Chloride increases were 
regularly observed between sites BR3 and BR4. Mass flow trends then vary some from BR4 to 
BR6, but in most months decrease from BR6 to BR7. Following site BR7, chloride mass flows 
begin a sharp increas
majority of months. 

Seasonal Chloride Variation, Downstream Blue River
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Figure E-51 
Chloride Mass Flow Trends for the Blue River: (a) Seasonal and (b) Upstream to 
Downstream 

E-70 



 
Water Quality Monitoring 

Because of the number of months that boron data is missing, it is not possible to discuss seasonal
trends in boron. However, upstream to downstream trends can be observed. In the upstream sit
along the Blue River, mass flow trends in boron again display an increase between sites BR3 
BR4. The increase in the upstream sites near BR 8 is also present. Figure E-52 presents the Phase
II boron data as an example. 

 
es 

and 
 

Up to Downstream Boron Loading Trends, Blue 
River- Phase II
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Figure E-52 
Boron Mass Flow Trends for the Blue River 

Comparison to Criteria and Standards 

r 

 set 
 No. 33 

is specific to the upper Colorado River basin, of which the Dillon Reservoir watershed is a part.  

n this document were specific to certain reaches of streams, and in some cases 

Another means of evaluating water quality is through comparison of monitoring results to wate
quality standards. The state of Colorado has standards for various surface water constituents. 
Two sets of state standards were found that contained regulations potentially applicable to this 
study: Colorado Regulation No. 31 and Colorado Regulation No. 33. Regulation No. 31 is a
of basic water quality standards and methods for surface waters in Colorado. Regulation

Standards i
provided equations that enabled them to be site specific. When possible, site-specific standards 
were used preferentially followed by stream- or reach-specific standards. There were no 
parameters measured in this study for which a statewide standard could be applied. In instances 
where no site or stream specific standard could be found, the state standard usually applied to 
total recoverable metals, which were not measured as part of this study.  

For any given parameter there might be several numerical limits. Oftentimes these are acute 
(one-day) and chronic (30-day) values. For example, iron has both an acute and a chronic 
standard for each site in this study. In order to know if a parameter meets the chronic standard, 
water quality must be monitored more frequently than once per month. Therefore, only acute 
values were used as a basis of comparison in this study.  
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Acute values are those that are not to be exceeded more than once in 30 days, which is importan
to note. In this study, measurem

t 
ents were made roughly once per month. If an acute value was 

 

e 
, 

ado Standards 

exceeded during this one measurement, this fact will be denoted in this section; however, 
one-time measurements higher than the acute values cannot be considered a violation of the 
standard. The information presented here should be used only to gain a general impression of 
water quality in the study area as compared to standards, not to gage magnitude or number of
violations. 

Table E-12 is a summary of parameters monitored in this study for which an applicable standard 
was either found or calculated and the number of times that standard was exceeded. A complete 
list of standards can be found in Appendix C of Guelfo (2003). This appendix also includes a mor
detailed explanation of how calculated standards were determined. As can be seen in the table
there were a total of 52 instances where one of the standards was exceeded.  

Table E-12 
Summary of Results of Water Quality Monitoring Results to Color

Parameter 
No. of Times 

Exceeded 
 

Parameter 
No. of Times 

Exceeded 

Dissolved Oxygen (DO) 1  Silver (Ag) 0 

pH 0  Cadmium (Cd) 3 

Fecal Coliform 0  Copper (Cu) 0 

Ammonia (NH3) 0  Iron (Fe) 0 

Boron (B) 0  Manganese (Mn) 32 

Nitrite (NO2) 0  Lead (Pb) 2 

Nitrate (NO3) 0  Nickel (Ni) 0 

Chloride (Cl) 0  Selenium (Se) 1 

Sulfate (SO4) 8  Zinc (Zn) 10 

Thirty-two of the instances where a standard was exceeded were with respect to the manganese 
(Mn) standard. In the Blue River, the standard for manganese is 50 µg/L. In Tenmile Creek the 
standard is higher at 180 µg/L. The graph in Figure E-53 shows which sites exceed the standard 
along with the number of times it was exceeded at each site.  

The majority of occurrences in Figure E-53 occurred in the Blue River and Tenmile Creek. The 
sites along Tenmile Creek were not monitored in Phase II, so not as many samples were taken 
for those sites during the study. This factor is important to consider because it effectively 
decreases the number of “chances” these sites had to exceed the standard in comparison to most 
Blue River sites and the Pennsylvania Creek sites. Other exceedances likely would have been 
seen if Tenmile Creek had been monitored in Phase II.  
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Manganese (Mn) is a metal that at certain levels is crucial to the health of aquatic environments, 
but at higher concentrations can be toxic to humans and aquatic life (Chapman 1996). Instances 
where manganese is exceeded could be indicative of a problem; however, these concentrations 
were measured during a low flow year, which is important to keep in mind. During years of 
higher flow it is possible that no manganese concentrations higher than the standard would be 
observed.  

Summary of Mn Standard Comparison
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Figure E-53 

 

urrences where other 
2. These were thought to be likely 

. Overall comparison of stream water 
 

sulfate. 

Sites that Exceeded the Manganese Standard and the Number of Times It Was Exceeded 

Zinc (Zn) was also found in concentrations higher than the standard in 10 measurements. All 10 
measurements were in waters from the Blue River. They were limited to sites BR7 to BR10, 
indicating that the source of zinc may be situated downstream of Breckenridge. As with 
manganese, zinc is crucial to the health of aquatic life, but can be toxic at higher levels 
(Chapman 1996). The Blue River standards are aimed at preserving water quality that will
protect cold-water aquatic life. If zinc concentrations persist at these levels in years with normal 
flow, it may be necessary to consider remedial actions. 

Another parameter in which concentrations higher than the standard were observed a number of 
times was sulfate in Tenmile Creek. These sulfate levels are not surprising considering Piper 
diagrams shown in the Results section revealed this creek to be sulfate dominated. This sulfate 
likely originates in mine drainages that are released near the headwaters of Tenmile Creek. 
Sulfate is not harmful, but can lend an unpleasant taste to water (Chapman 1996).  

Outside of the standards already discussed there were some isolated occ
standards were exceeded. These can be found in Table E-1
isolated instances that do not represent potential problems
quality data to available standards seems to indicate that water quality in the study area is
relatively high and that the only potential problem areas are with respect to manganese, zinc, and 
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Discussion of Trends and Assessment of Impact 

Thus far in this section, seasonal and upstream to downstream trends of parameters in both the 
focus areas and along the Blue River have been presented. However, no attempt has been made 
at explaining these trends. This section will revisit the parameters in the same order as presented 
in Trends in Space and Time section in an attempt to present what could be the causes of these 
trends. The final portion of this section will summarize impacted areas. 

Flow 

Seasonal variations in flow were of the type to be expected in mountain streams. The decrease 
flow from fall to winter is a natural result of the onset of colder temperatures causing lands
water to be frozen and stationary for the season. Spring increases in flow are due to the annual 
thaw. This thaw is usually over by summer when flows begin to decline once more. Note that 
flows in September 2002 were, on average, 47% lower than those measured in September 2001.
This difference is to be expec

in 
cape 

 
ted due to the drought that Colorado experienced in 2002. 

he 

m 

The Blue River proved to be a gaining stream with the exception of a small stretch through t
town of Breckenridge (BR6 to BR8) (see Figure E-24), probably due to the effects of past 
mining activity on the area. Dredge boat mining left large stretches of alluvial deposits in the 
river plain that eliminated the regular stream channel. As a result, flows often move downstrea
beneath the deposits, especially during times of low flow. In periods of higher flow, the deposits 
become saturated and some of the flow moves as surface water. Usually flow returns to the 
surface at the beginning of spring runoff; however, this year is an exception due to drought 
conditions. 

Field Parameters 

Trends in water temperature are directly related to the season. Temperatures are expected to be 
colder during the winter and warmer during the summer. 

Seasonal specific conductance trends appear related to flow. Specific conductance is lower in 
waters that originate in snowmelt than in base-flow contributors such as groundwater. In the 
winter when most flow is contributed by base flow, specific conductance will be higher. In the 
spring when snowmelt starts to dominate the flow in streams, specific conductance is lower. 
Thus, specific conductance trends are usually opposite that of flow (Figure E-54).  
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Specific Conductance vs. Flow, BR10
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Figure E-54 
Specific Conductance Values Plotted Versus Flow for Site BR10 

DO measurements increased during the fall and then decreased in the winter months (see Figure 
h, 

 a 
 the 

WTP 
he 

 QETE+QSTS=QOTO Equation E-4 

whe ), 
QS and TS perature of the stream at site BR6 just upstream of the WWTP 
input (obtained from study data), and QO and TO are the flow and temperature of the Blue River 
just upstream of the WWTP input. TO was the variable being solved for.  

points. 

E-26). A slight increase began in spring months. Increased ice cover from December to Marc
caused by dropping temperatures is thought to have limited exchange of oxygen with the 
atmosphere, causing DO values to drop. When streams began to thaw in the early spring, DO 
began to increase again. Therefore, DO was indirectly dependant on water temperature. 

Upstream to downstream trends of field parameters appear to be due to a mix of natural and 
developmentally related causes. As mentioned, temperature trends varied with the exception of
warming trend from BR7 to BR9 (seen in Figure E-27). This trend could possibly be due to
input of effluent from a wastewater treatment plant (WWTP) in Breckenridge, situated in 
between the two sites (see Figure E-21). In order to better determine whether or not the W
could be the cause of this temperature trend, mass balance calculations were conducted using t
following equation: 

re QE and TE are flow and temperature of the WWTP effluent (obtained from plant records
are the flow and tem

Computed values of TO were then compared to measured water temperature at site BR8 just 
downstream of the WWTP. If computed values were greater than or equal to the measured 
values, that was taken as an indication that the WWTP could be responsible for the observed 
increase. Computed and measured values are shown side-by-side in Table E-13. As can be seen 
by the table, it is possible that the WWTP is fully responsible for the observed increase in some 
months and partially responsible in others. Note that site BR8 is not immediately downstream of 
the WWTP outfall and in between the outfall some further warming may occur due to some 
ponding that occurs in the river between the two 
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Table E-13 
Computed Versus Measured Temperature Values for the Blue River Downstream of the 
Iowa Hill WWTP 

 Computed  
Temp Value  o C 

Measured Temp 
Value  o C

Could WWTP have 
caused increase?

3.70 3.9 Partially
2.51 4.51 Partially
4.75 1.36 Yes
6.76 4.66 Yes  

The cause of the increasing pH trend seen in Pennsylvania Creek is not known, and pH values in 
the other two focus areas were described as constant. pH trends in the Blue River may be, in part, 
developmentally related. Domestic wastewaters tend to have a higher pH than surface waters and
could cause an increase in pH when added to receiving waters. Domestic wastewater input from
the WWTP could have caused the pH increase beginning at site BR7 (see Figure E-26). Other 
pH trends in the Blu

 
 

e River are thought to be due to natural causes. The decrease from BR3 to 

er may be developmentally related. There is a subdivision, Ten 

r 

ted 
 

In the Blue River the decrease in specific conductance in the upstream sites (see Figure E-31) is 
likely due to dilution that occurs with the input of pristine stream waters from tributaries situated 
between the two sites (McCullough Gulch) (see Figure E-20). The peak observed at BR7 was 
likely caused by construction of a kayak park that was being completed in the river bed upstream 
of the site.  

Pennsylvania Creek and Swan River DO trends exhibited increasing DO, and Tenmile Creek was 
nearly constant. DO in the Blue River in the BR3 to BR4 reach was decreasing and could have 
been caused by use of oxygen in the decay of organic matter present in the wetlands. The 
decreases mentioned between BR4 and BR5 may be related to the presence of a lake in the area. 
This lake, Goose Pasture Tarn, is situated in between these sites (see Figure E-21) and DO levels 
in the lake are likely lower since calmer waters naturally have less oxygen exchange with the 
atmosphere. Like temperature and pH trends, the lower DO measurements observed at site BR8 
may be caused by the WWTP input mentioned previously. 

BR5 could be attributed to dilution effects of the input of Pennsylvania Creek between these two 
sites. Finally, the pH decrease seen between BR9 and BR10 may be due to the input of Swan 
River. 

Conductivity trends in Swan Riv
Mile Vista, as well as a golf course, situated along the Swan River between the upstream and 
downstream sites (see Figure E-21). There has been new construction in this area during the 
study period, which could result in increasing the amounts of dissolved constituents in the wate
thereby increasing specific conductance. The elevated specific conductance levels in Tenmile 
creek (see Figure E-30) are likely mining related. The headwaters of Tenmile Creek are situa
near heavily mined lands close to Leadville, CO. This mine drainage has a much higher specific
conductance than other waters due to high amounts of dissolved constituents, and likely causes 
the increased levels in Tenmile Creek. No regular trend, and thus no potential causes, is present 
in the Pennsylvania Creek focus area. 
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From the field parameters analyzed in this study potential areas of impact begin to become 
evident. The most prominent of these areas is the Blue River downstream of the Breckenridge
wastewater treatment facility. There is some evidence that the Blue River near the Pennsylvania 
Creek focus area (near sites BR3 and BR4) is impacted as well. As trends of other parameters 
(nutrients) are discussed, field parameters will come back into play to help support further 
conclusions regarding areas that do and do not show evidence of water quality impact. 

Nutrients 

 

Due to the natural cycling of nutrients in the environment, some nutrient trends in the study area 
 

tail 

 be assessed for the Pennsylvania Creek and Tenmile Creek focus 
ases in mass flow were observed in the fall months in both areas. The 

d to a 
o cause 

iver, especially in the upstream sites, seasonal trends are thought to be influenced 
by the natural cycling of nitrogen in nearby riparian wetlands. Potential mechanisms occurring in 

section of this appendix. They will only be 
summarized here.  

 
 

 

te. 

, 

are highly likely to be due to natural causes. On the other hand, elevated nutrient levels are one
of the key indicators of developmental impact. In this way, causes of nutrient trends can be 
difficult to describe and pinpoint. The following information in this section will describe in de
potential causes of nutrient trends in this study area.  

Seasonal trends could only
areas. As mentioned, decre
cause of this decrease is not known. The decreased mass flow is possibly directly relate
decrease in flow during this time. Winter increases were also seen in both areas. Again, n
can be identified, but one possibility is that the increase is associated with an increase in winter 
population during ski season. 

In the Blue R

riparian zones were described in the Background 

Sites BR1 through BR6 are situated near two riparian wetland zones (see Figure E-21). In these
sites, a nitrate increase was observed from October to November (see Figure E-35). This increase
is thought to be caused by a fall release of nitrogen from decaying plants in the wetlands. After 
such a release, nitrogen levels in riparian wetlands could be expected to remain low until the 
spring thaw allowed more decaying plants to release another pulse of nitrogen into the 
environment. In the upstream sites, nitrogen levels did remain low until the spring thaw, when
they increased. This spring increase likely also has another cause—spring runoff, which 
increases flow and is often associated with large loading increases. 

The spring increase observed in the Blue River sites was not very big, which is important to no
Mass flow rates increased in the spring but to levels approximately 93% lower than those seen 
just the previous fall (Figure E-55). This difference is likely because the drought Colorado 
experienced in 2002 did not bring the normal spring increase in flows. After the spring increase
nitrate loading in the Blue River began to decrease once again. This decrease could be due to a 
combination of causes. The first is the decreasing flows in the summer season. The second 
moves back to riparian processes. Increased nitrogen uptake often occurs during the growing 
season, causing decreased nitrogen levels. 
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Figure E-55 
Upstream Site Nitrate Levels in the Blue River From the Entire Study Period and From 
Spring Through Summer Only 

In the upstream sites, no increases in nitrate mass flows were observed in the fall months, likely 
because these sites are not near a riparian zone. Spring loading increases were observed and are 

low related as described previously. Similar to those observed in the upstream sites, these 

eek both nitrate and organic nitrogen trends were decreasing. This decrease 
could be due to plant uptake of nitrogen in riparian zones associated with this focus area. 

Nitrate and organic nitrogen trends in the Blue River also proved to follow similar patterns from 

th 

is thought to potentially 
produce nitrate and organic nitrogen increases in the following manner: 

nitrification 

likely f
increases are not as large as might be expected during a normal flow year. As seen in the 
upstream sites, nitrogen levels began to decline through the summer months. This decline is 
likely due to flow decreases, but could be due in part to plant uptake, though this reach of the 
stream is not heavily vegetated. 

Upstream to downstream trends of nitrate in the Swan River focus area were stated to be constant 
from SR1 to SR3. Trends were variable in the Tenmile Creek area and no potential causes are 
offered. That leaves only the Pennsylvania Creek focus area. When trends were presented, 
organic nitrogen and nitrogen trends were presented together. Trends in the two nitrogen species 
have the potential to be extremely closely linked due to the nature of the nitrogen cycle. In 
Pennsylvania Cr

upstream to downstream. In the upstream sites, increases were observed in both species from 
BR1 to BR2 and BR3 to BR4. Note that organic nitrogen is the dominant nitrogen species in this 
stretch of the stream. Several factors may be responsible for these increases. With regards to bo
increases, natural causes may be responsible. As mentioned, the Blue River near these sites 
includes multiple riparian wetlands. Nitrogen cycling in the wetlands 

1. Nitrogen flowing into the wetlands may be taken up by vegetation 

2. Vegetation could then die, releasing organic nitrogen 

3. Released organic nitrogen would eventually be converted to nitrate in the process of 

Seasonal Nitrate Variation, Upstream Blue River, 
September, 2001-September, 2002
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If these processes were happening concurrently in the area, seeing the described increases in both 
nitrate and organic nitrogen would be possible. This scenario may also support organic nitrogen 
as the dominant species during this stretch. Organic nitrogen is readily converted to nitrate in th
environment. Though reaction times are not known, organic nitrogen likely would only be 
dominant if water samples were being taken close to the source. If this scenario were occurrin
these sites would be close to the source of nitrogen present in the riparian wetlands. 

The second potential cause of these trends is developmentally related and would likely only 
apply to the increases seen from BR3 to BR4. Beginning near site BR2, there are

e 

g, 

 many homes 
situated near the Blue River. In this area, homes use OWS. If effluent from these systems were to 

h 

A third potential cause of the observed increase between sites BR3 and BR4 is the input of 
Pen  site 
PC2 ecessary to determine if that could be the sole cause of the 
increase. Comparison of mass flow rates measured at this site to increases seen between sites 
BR3 and BR4 showed that Pennsylvania Creek could not be solely responsible for the increases 
seen in either nitrate or organic nitrogen. Mass flows measured at site PC2 might have been 
responsible for only about 16% and 27% of the increases seen in nitrate and organic nitrogen, 
respectively. 

The fourth and final scenario to consider is that a combination of the processes just described is 
causing the nitrate trends observed in these sites. Natural processes are entirely likely to be 
occurring in this portion of the study area that involve nutrient cycling and would impact nutrient 
trends. Pennsylvania Creek is also extremely likel to be partially responsible for trends seen 
between BR3 and BR4. However, developmentally related causes could possibly be present too. 

Nitrate and organic nitrogen trends between sites BR4 and BR5 differed. Nitrate decreased while 

R3 
t 

. The more time organic nitrogen is in the water, the more likely 
that enough time has passed for it to undergo nitrification.  

reach groundwater and eventually flow into the Blue River, it could cause increases in nitrate. 
However, OWS effluent is not thought to be the cause of the observed increase in organic 
nitrogen. Most organic nitrogen in OWS effluent is converted to other forms before even leaving 
the common septic tank, and then ammonia is converted to nitrate in the soil. Pets and use of 
fertilizer could also be contributing nutrients to the river, which could potentially increase bot
nitrate and organic nitrogen. 

nsylvania Creek. Mass flow rates measured near the mouth of Pennsylvania Creek at
 should provide the information n

y 

organic nitrogen increased. These two sites are located on the inlet and outlet sides of a small, 
man-made reservoir known as Goose Pasture Tarn (see Figure E-21). The wetlands between B
and BR4 are situated just upstream of this reservoir. Processes in Goose Pasture Tarn are though
to be the cause of the observed loading trends. 

Nitrogen speciation reversed in the downstream sites, which is likely due to a combination of 
causes. First, previously generated organic nitrogen would be moving further away from the 
source at this point in the stream
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Second, at this location in the stream, the river has passed through Breckenridge. That 
e 
 

 

es such as the Iowa Hill facility must submit monthly reports to both the State of 

rts 
the 
nit 
 

 

 monitored in February 2003. 

Nit
man tfall was monitored. Analysis revealed 
nitrate concentrations of 11.6 mgN/L. Flow information from the WWTP is available for the first 

ay o each month from September 2001 until June 2002. Each flow value was multiplied by the 
easured concentration to provide a mass flow estimate for the first day of each month. 

y 

ptember 
1, 2001. In most cases, observed nitrate mass flow increases were extremely close to the 

e 

municipality has the potential to contribute nitrate in various ways, including discharge from th
Iowa Hill WWTP situated in the area and urban runoff. To determine whether or not the WWTP
could be responsible for the entire increase, comparisons were made between loading increases
in the area (BR7 to BR8) and loading from the WWTP. 

Permitted faciliti
Colorado and the United States Environmental Protection Agency (US EPA) (CDPHE 2002a). 
These reports include mass flow information for various parameters (ammonia, temperature, 
fecal coliform bacteria, BOD, and phosphate), and also flow information. Results of these repo
were obtained for the purpose of this study, but were found to have limited use. For example, 
Iowa Hill WWTP facility is an advanced wastewater treatment facility and has a nitrification u
process (CDPHE 2002b). Therefore, the majority of the nitrogen loading from that facility is in
the form of nitrate. Nitrate, however, is not monitored because the permitted release is concerned
mainly with ammonia. Ammonia is monitored, but as this study found ammonia to be below the 
detection limit in all cases, this could not be used for comparison. To overcome this data gap, the 
outfall of the WWTP was

rate loading from the treatment facility to the Blue River was estimated in the following 
ner. In February 2003, a sample of the WWTP ou

d
m

f 

Sampling dates, however, did not tend to correspond with the first day of the month. So, first-da
mass flow estimates of nitrate from the WWTP were compared to nitrate mass flow increases 
observed between sites BR7 and BR8 in the same month. So for example, the BR7 to BR8 
increase in the month of September 2001 was compared to the estimate calculated for Se

estimated mass flows from the WWTP (Table E-14). These calculations are believed to show 
that the WWTP could potentially be responsible for the entire nitrate loading increase seen in th
adjacent stretch of the Blue River. 

Table E-14 
Estimated N Mass Flow From Iowa Hill WWTP Versus Nitrate Mass Flow Increases Seen in 
the Blue River 

WWTP NO3 BR7-BR8 NO3 Increase
Mass Flow gN/day gN/day

Sept, 2001 21500 123815
Nov, 2001 21300 23024
Dec, 2001 27500 23788
Jan, 2002 32400 19394
Feb, 2002 32400 14814
Mar,2002 32600 25504  
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The only seasonal trend discussed with relation to phosphorous was phosphate trends seen in site
BR1 through BR5 during Phase I. The trends were large decreases in mass flow from the fall to 
the winter months. These decreases were likely caused by a seasonal decrease in the flow rate

No upstream to downstrea

 

. 

m phosphorous trends were available for Swan River, and trends were 
decreasing in both Pennsylvania Creek and Tenmile Creek. One potential cause of this decrease 

hosphorous from Phase II all 
dem creasing mass flow trends from BR3 to BR4 and decreases from BR4 to BR5. 
Her s: phosphate 
P an ere below 
detection, the assumption can be made that the majority of dissolved phosphorous is organic. 
This factor has implications for the source since, like organic nitrogen, organic phosphorous is 
likely to be generated by natural processes such as the decay of plant material. In that light, 
potential causes of the phosphorous trends are essentially the same as those discussed for 
nitrogen. Nearby riparian zones could be fully or partially responsible for phosphorous increases. 
Input of development, including domestic wastewaters, could also be partially responsible; 
however, organic P from OWS is extremely unlikely. Furthermore, input of Pennsylvania Creek 
could cause the increase. Comparisons between mass flow rates in phosphorous measured at site 
PC2 were compared to the BR3 to BR4 increase observed in phosphorous to try and determine if 

at Pennsylvania 
C orous, 
Pennsylvania Creek could be responsible for as much as 12% of the dissolved portion and 15% 

w 
 Phase II only two months of data 

As with nitrogen, the natural question to ask is whether or not the WWTP could be responsible 

m 
the WWTP to the US EPA provided only phosphate mass flows. Total phosphate measured 

.  

may be plant uptake, but this does not explain a phosphorous uptake during the winter. Other 
potential causes for the decrease are not known. 

In the Blue River, phosphate from Phase I and total and dissolved p
onstrated in
e it is useful to note that dissolved phosphorous consists of two dissolved faction
d organic P. Due to the fact that Phase II dissolved phosphate concentrations w

this was true. As was the case with nitrogen, mass flow comparisons showed th
reek could only be partially responsible for the increases. In the case of phosph

of the total portion. 

Phase I phosphate data from the upstream Blue River sites were limited and data did not sho
any increases in these sites as was observed with nitrogen. In
were available for these upstream sites, and in one month there is an increasing trend, in the 
other a slight decreasing trend.  

for any increases present. Comparisons of phosphorous data to estimated mass flows from the 
WWTP were not as readily conducted as they were with nitrate because loading numbers fro

during Phase I of this study was below detection limit in the sites near the WWTP. Another 
possibility would be to compare total phosphorous mass flow increases in the downstream sites 
to phosphate mass flows. However, WWTP information stops in June 2002 and Phase II did not 
measure the downstream sites until July 2002; therefore, matching months of data were not 
available
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The WWTP effluent was monitored, but found to be below detection for both phosphate and 
total phosphorous. However, these samples were analyzed at CSM as opposed to NWQL. 

e not as low as would be desired. So, the approach that was taken 
w data from the WWTP was averaged to come up with one mass 

 in 

data  

Inc
mo  
by  No loading information is available from Swan 

Supporting Parameters 

Mo eters were chosen because they are domestic wastewater 
constituents that hav  further determine which causes discussed are 

r
was

Total Solids  

aters are high in total solids, presence of elevated solids in surface waters could 
ed in 

is ewater 
 would act as 

more 

background solids are extremely low (less than 50 mg/L). In the case of OWS effluent input, 
many solids are removed as that effluent moves through the soil column, but this does not 
necessarily affect dissolved solids levels, meaning that total solids could still be elevated. 

The seasonal variations seen in solids in the Blue River were probably due in their entirety to 
flow. Mass flow decreased from the fall through the winter and increased in spring. These are 
identical to flow patterns seen in the area. Upstream to downstream trends in total solids were 
similar to many other parameters. Increases that were seen from BR1 to BR2 and BR3 to BR4 
could be due to solids generated by the riparian wetlands. Furthermore, the solids increase from 
BR3 to BR4 could be a result of development and OWS present in the area, as already described. 
This increase could also be due in part to the input of Pennsylvania Creek; comparisons done as 
those described above showed it could be responsible for 16% of the increase. The decrease from 
BR4 to BR5 is most likely a direct result of the removal of solids in Goose Pasture Tarn.  

Therefore, detection limits wer
was that all phosphate mass flo
flow value representing total phosphate input by the plant per day. This approach is justified
part due to the fact that nitrogen loading from the plant appeared relatively constant based on 

 shown in Table E-14. Estimated phosphate loading from the plant was 440 g-P/day. In the
one month where total phosphorous increased from BR7 to BR8, this level would have been 
more than enough phosphorous to account for the 150 g-P/day increase in the Blue River. 

reases in total phosphorous during Phase II were observed between BR9 and BR10 in both 
nths where total phosphorous was monitored at these sites. This increase is probably caused
the input of Swan River to the Blue River.

River for comparison, but no other causes of phosphorous input between the two sites is known. 

st of the supporting param
e the potential to help

occurring. For example, if a site displays increased levels of nutrients as well as all wastewater 
pa ameters, it would support the statement that that site is being impacted by domestic 

tewater. 

Though wastew
also be reasonable to expect in riparian wetlands (US EPA 2002). Solids were still includ
th  section, however, because their presence in a stream reach combined with other wast
parameters, or their presence in an area not situated near such a riparian ecosystem
evidence of domestic wastewater influence. Even treated effluent from a WWTP can have 
elevated amounts of solids than the receiving waters, especially in surface waters where 
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Increases in total solids were also seen in the upstream sites. In this stretch of the stream, these 
solids are more likely from anthropogenic sources such as the town of Breckenridge and/or the 

suc

Only one month of COD data was available, so no seasonal trends were available. The only trend 

see
org
BR6 to BR8, which may be due to oxygen demand loading from urban causes. A much larger 

rgence 
of t

Sulfur 

Sulfur is a naturally occurring component in surface waters, but it is also a wastewater 

 
e upstream to downstream trends prior to site 

BR3, trends vary, but there were consistent increases from BR3 to BR4. Natural processes in this 

ence of 
o this stretch of the Blue River. Large jumps in loading were also 

observed upstream of site BR7, which may further support municipal impact on water quality in 

an excreta and in things 

d 
to BR4, which could either be due to development 

wastewater treatment facility. The town itself could affect solids mass flows through activities 
h as the sanding of roads in the winter and runoff. 

COD 

to note in the upstream sites is that COD decreased between BR4 and BR5. As with other trends 
n in that reach of the stream, this decrease could be due to Goose Pasture Tarn. Release of 
anic matter in the tarn could be causing this trend. There was a small increase in COD from 

increase in COD was seen between BR8 and BR10, which could be caused by the conve
he Swan River with the Blue River. 

constituent. Sulfur is required in the synthesis of proteins and so is subsequently released when 
those proteins degrade (Metcalf & Eddy 2003). As seen in the total solids data, seasonal sulfur
trends appeared to be directly caused by flow. In th

area are not likely to release sulfur and cause this increase, and Pennsylvania Creek was 
estimated to be responsible for 6% of the increase at best. So, this increase is perhaps evid
the input of OWS in the area t

the Blue River. 

Chloride 

Chlorides are also naturally occurring in water due to processes such as weathering of rocks. 
However, they are found in wastewaters because they are present in hum
such as water softeners (Metcalf & Eddy 2003). Conventional waste treatment methods do not 
remove chlorides, so higher than usually chloride levels can be indicative of the presence of 
wastewater (Metcalf & Eddy 2003); chloride acts as a natural tracer. 

Seasonal chloride trends, like those seen in solids and sulfur, were probably attributable to 
fluctuations in flow. Upstream to downstream trends in chloride also repeat trends describe
before. Increases were observed from BR3 
and OWS input, to de-icing of the roads in the area, and/or the input of Pennsylvania Creek. 
Pennsylvania Creek is estimated to be responsible for approximately 2% of this increase.  
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Chloride levels remained constant through the remainder of the upstream sites. This may indicate
that increases seen from BR3 to BR4 are not due to de-icing of the roads, because roads ne
BR4 to BR6 stretch of the Blue River are also near the stream

 
ar the 

. If de-icing were affecting water 
r, 

hlorides are more likely 

pared 
h. Comparisons showed that in most cases 

r 

quality, mass flow increases past BR4 would be expected. Mass flow remains constant, howeve
until the BR6 to BR8 area when it begins to increase. Again, this increase is possibly due to 
de-icing of the roads, but not likely as these impacts would be expected to produce a more 
constant mass flow increase from upstream to downstream. These c
contributed from other urban sources. In the case of chlorides, comparisons were done to mass 
loading information from the WWTP as was done for nitrate and phosphorous.  

Concentration of chloride in the WWTP was found to be 31 mg-Cl/L. Using this concentration 
along with the flow data from the Iowa Hill WWTP, estimated chloride mass flow rates were 
calculated for each month. Estimated mass flow of chloride from the WWTP was then com
to the BR7 to BR8 observed increase for each mont
loading from the treatment plant could not account for all of the chloride mass flow increase 
between site BR7 and BR8 (Table E-15). Based on these estimates, the WWTP could account fo
approximately 60% of the mass flow increases observed.  

Table E-15 
Estimated Chloride Mass Flow From the Iowa Hill WWTP Versus Chloride Mass Flow 
Increases Seen in the Blue River 

Date WWTP Cl BR7-BR8 Cl
g/day g/day

Sept, 2001 57300 464007
Oct, 2001 53000 251262
Nov, 2001 57000 270240
Dec, 2001 73400 262628
Jan, 2002 86500 354447
Feb, 2002 86500 149567
Mar,2002 87000 258112  

roduct of the 

 for boron because of a lack of data. Upstream to downstream 

 
 sites is municipal wastewater 

Boron 

Like chloride, boron is a natural tracer that is found in domestic wastewater as a p
breakdown of some fruits and in certain cleaning materials (Flynn and Barber 2000). Natural 
processes in the environment would not likely produce boron increases or decreases in streams. 
No seasonal trends were presented
trends showed increases from BR3 to BR4 and after BR7. In the upstream sites this increase 
could be due to OWS impact, but 43% of the increase may be due to Pennsylvania Creek. The
only potential cause known for these trends in the downstream
effluent input from the WWTP. 

E-84 



 
Water Quality Monitoring 

Assessment of Impact 

The previous sections describe the recurrence of several trends in the study area. From BR1 to 

t would be expected if anthropogenic impacts were 
occurring in this area. Therefore, trends seen in this stretch of the river are thought to be from 

d 

 to the presence of the riparian wetlands in this area, it is likely that natural 
processes are occurring that possibly affect nutrients, solids, and DO. Pennsylvania Creek 

k can be held accountable for. Since increases 
were seen in this stretch in all of the wastewater parameters discussed in this chapter it is likely 

nd 

able E-16 

16
Nitrate 1315 204 16

27
15

59 7 12

6

BR2, increases were seen in nitrate, organic nitrogen, and solids. No increases were seen in 
phosphorous or in the other parameters tha

natural causes.  

Increases were seen from BR3 to BR4 in nitrate, organic nitrogen, total phosphorous, dissolve
phosphorous, total solids, sulfur, chloride, and boron. Decreases in DO were observed in this 
same stretch. Due

surface water can be at least partially responsible for these increases. Table E-16 summarizes 
how much of each increase Pennsylvania Cree

that at least part of the increases might be attributable to the impacts of housing development a
use of OWS in the area. 

T
Summary of Comparison Results Quantifying the Portion of the BR3 to BR4 Increase for 
Which Pennsylvania Creek Could Be Responsible 

Parameter Average BR3-BR4 Average PC2 % of increase
 increase in g/day loading in g/day attributable to Penn Creek

Total solids 3367949 538660

Organic N 1412 380
Total P 125 19
Dissolved P
Boron 625 270 43
Chloride 40808 760 2
Sulfur 62789 3920  

 were observed along with nitrate decreases, organic nitrogen 
increases, phosphorous decreases, solids decreases, and COD increases. This mixture of trends is 

e 

The stretch of the Blue River after BR6 and up until BR9 displayed increases in temperature, 

rban causes including the Iowa Hill WWTP, 
which discharges effluent in this stretch of the Blue River.  

d in parameters from BR9 to BR10. Any trends seen in this 
stretch of the river are considered attributable to the input of Swan River to the Blue River. 

 

From BR4 to BR5, DO decreases

thought to be entirely attributable to processes in Goose Pasture Tarn. These processes includ
natural cycling of organic matter and sedimentation processes that occur in still waters. 

solids, nitrate, organic nitrogen, phosphorous, sulfur, chloride, and boron. This combination of 
trends is thought to be evidence of the impact of u

Finally, various trends were observe
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The final point for consideration is to compare impacts of rural development and OWS to those 
attributable to urban development and the WWTP. The main concern with any of these impacts 
is how they might affect Dillon Reservoir. If all of the increases from BR3 to BR4 are assumed 

to urban development and the WWTP, one can estimate percentages of the mass 
flow to Dillon Reservoir that each is responsible for. Comparisons were made based on the 

the 
eservoir as measured at site BR10 (Table E-17).  

ese 
ervoir. This assumption is important to note, especially in the case of 

mass flow from the upstream sites, where 100% of the loading probably does not make it to 
ugh 

As can be seen from Table E-17, urban development and the WWTP are likely responsible for 
higher percentages of nitrate, dissolved phosphorous, boron, chloride and sulfur to Dillon 
Reservoir. Rural development and OWS may be responsible for relatively higher total solids, 
organic nitrogen and total phosphorous mass flow to the reservoir. 

Table E-17 
Summary of Results Comparing Rural and Urban Development and Wastewater 
Constituent Mass Flow to Dillon Reservoir 

to be attributable to rural development and OWS, and all the increases from BR6 to BR8 are 
attributable 

average increases in each wastewater parameter from BR3 to BR4 and from BR6 to BR8 to 
mass flows of each parameter into Dillon R

These calculations were done under the assumption that 100% of the loading from each of th
areas makes it to Dillon Res

Dillon Reservoir. Before reaching Dillon Reservoir, water from this stretch must pass thro
several lakes and ponds.  

Parameter Average BR3 -BR4 Average BR6 - BR8 Average Mass Flow to Maximum % attributable Maximum % attributable
increase in g/day1 Increase in g/day1 Lake Dillon, g/day2 to rural development  to urban development

Tot solids 3368000 1315929 15445517 22 9
Nitrate 1315 34037 65974 2 52
Org N 1412 451 8013 18 6
Total P 125 55 590 21 9
Diss P 59 103 430 14 24
Boron 625 689 3887 16 18
Chloride 40808 219161 551188 7 40
Sulfur 62789 257604 738122 9 35  

1Assumption was made that 100% of this mass flow was contributed to Dillon Reservoir. 
2 Calculated using mass flow rates measured near the mouth of Dillon Reservoir at site BR10.  

Summary and Conclusions 

Water quality monitoring efforts can be conducted with a variety of objectives that greatly 
influence program design. Objectives of this study were to:  

• Determine what if any are the effects of OWS on the surface waters of the study area 

• Conduct a water quality assessment to determine impact, including a comparison to surface 
water quality standards 

• Produce a water quality database that can be used in the calibration of a watershed scale 
model 
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Based on the literature, relatively few studies have been done assessing the impacts of OWS on 
surface waters, though much work is available on the effects to groundwater. In addition, 
ripari  processes have the potential to affect nutrient levels in both stream and subsurface 
water

The m rient levels throughout the study area, which is 
consistent with monitoring data and these calculations predicted that Pennsylvania Creek was the 
area most likely to demonstrate OWS impacts. While analysis of data did not reveal seasonal 

y in the 
ce. 

 

d Pennsylvania Creek do not demonstrate any impact due to OWS. 

ownstream trends and interpretation in sites BR1 through BR6 show the effects 
ccurring in adjacent riparian wetlands. Within this area, the stretch of the Blue 

ding 

manganese, zinc, and sulfate. These standard 
exceedances may be the product of drought conditions. Furthermore, Tenmile Creek is the 

is 

• What is the nature of the groundwater surface water interactions in the area?  

an zone
s.  

ass balance calculations predicted low nut

trends in water quality, both urban and rural development types are affecting water qualit
Blue River; however, rural effects (including OWS) are not a relatively more important sour
Even though two areas of impact have been identified, impacts are still small and water quality
in the study area appears suitable for designated uses.  

Specific conclusions include: 

• Upstream to downstream trends and interpretation in the focus areas show that Tenmile 
Creek, Swan River, an

• Upstream to d
of processes o
River from BR3 to BR4 may be impacted to a limited extent by rural development inclu
use of OWS in the Pennsylvania Creek focus area. This same stretch is also influenced in 
part by inputs from Pennsylvania Creek. 

• Upstream to downstream trends and interpretation in sites BR7 through BR10 show the 
potential impacts of urban development including the Iowa Hill WWTP. 

• Trends between BR9 and BR10 are likely caused by development in the Blue River and 
inputs of Swan River. 

• Based on the comparison to State of Colorado standards, numerous exceedances of surface 
water quality standards were observed only for 

only potential problem area with exceedances in both manganese and sulfate. 

The results of this research have led to new questions that would require further work in th
area. Namely: 

• Exactly which riparian zone processes are at work in the upstream Blue River area?  

• Do other parameters support impact of OWS and the WWTP in the areas mentioned?  
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Some of the work that could be done to answer these questions is as follows: 

help to pinpoint pollutant sources (additional sites within the city of Breckenridge). 

• Complete a detailed study of nutrients in one or more of the riparian wetlands in the area to 

 in this study area (Note Smith et 
al. 2002 indicates yes) to reveal subsurface flow and transport processes affecting the study 

tudy could be done through more detailed monitoring and the use of tracer tests. 

• Sample surface waters for additional parameters, such as caffeine, ethylenediamine 

Bartram, J. and R. Balance (eds.). 1996. Water Quality Monitoring: A Practical Guide to the 
on of Freshwater Quality Studies and Monitoring Programmes. 
on. 

Evaluation of Septic Tank System Effects on Ground Water 
nited Sates Environmental Protection Agency (US EPA), 

ality Assessments: A Guide to the Use of Biota, Sediments 
an and Hall, London. 

Colorado Department of Public Health and Environment (CDPHE). 2002a. Authorization to 
 Discharge Permit System, Permit No. CO-0045420. Water 

Quality Control Division. Accessed on November 5, 2002. 

l 

• Conduct monitoring of the final 10 sites with the addition of sites on the Blue River that may 

determine which cycling mechanisms are present.  

• Quantify the groundwater/surface water interactions present

area. This s

tetraacetate (EDTA), and emerging and organic compounds that would further reveal 
anthropogenic factors and water quality relationships.  
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F SITE-SCALE MODELING USING HYDRUS 2-D 

Wastewater soil absorption systems (WSAS) are used nationwide in mountain and rural 
com sehold wastewater. Currently, few rigorous non-empirical 
quantitative tools are availab essing water flow, wastewater-pollutant transformation, 
and contam Developm athematical 
models would provide a better understanding of the  physicochemical processes 
releva inant treatme e systems and would be of great benefit to system 
design and regulation. A quantitative assessment may also provide valuable information relevant 
for op system operation such that the groundwater-contamination risk is minimized and 
to maximize system life. 

Back

WSAS commonly employed for onsite and small wastewater applications are designed for 
application of primary-treated w ater into a subsurface trench that is installed in natural soil. 
Wastewater in the trench infiltrates through the underlying soil media toward the groundwater 
table. W r is typically ap e trench wi lative daily loading of 1 to 5 
cm/d (Jenssen and Siegrist 199 arly s SAS operation, these loadings may 
often result in rapid, nearly sa point(s) of effluent delivery. However, soil 
cloggi lve at the infilt e base and sidew urfaces of the trench (Jones and Taylor 
1965; Siegrist 1987) and lead to reduced permeability and porosity. This biozone can cause 
ponding of septic tank effluent (STE) on the infiltrative surface, typically by 9 months of age 
(Bouma 1975). Soil clogging may have a beneficial impact on purification (Siegrist and Boyle 
1987). e ogging is extensive it can c  hydraulic failure by causing “back-up” 
of STE into the dwelling or to th d surface. 

T n in a 
WSAS for a new system that has not yet developed an infiltrative surface biozone, and for a 

cause of 

ide 

g the modeling described in this appendix may be found in McCray et al. 
(2000) and Beach and McCray (2003).  

munities for treatment of hou
le for ass

inant transport processes in WSAS. ent and use of rigorous m
 important

nt to contam nt in thes

timizing 

ground 

astew

astewate plied to th th a cumu
0). In the e

turated flow near the 
tages of W

ng will evo rativ all s

 How ver, if cl too ause
e groun

his appendix presents a modeling study of flow and pollutant transport and transformatio

mature system with an established biozone. For the new system, two types of wastewater 
application are investigated: uniform application over the entire trench and focused application 
over a smaller subarea of the trench. The unsaturated flow behavior, which is controlled in part 
by biozone development, plays a critical role in wastewater pollutant treatment.  

Orthophosphate (PO4) and ammonium (NH4) were chosen as the pollutants of interest be
their environmental importance and because of the reactive nature of these chemicals in the 
vadose zone. However, the mathematical processes described are generally relevant to a w
variety of pollutants present in wastewater (such as BOD, TSS, virus, and other pollutants). 
Further details regardin
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Methodology 

This section describes the methodology used for OWS site-scale modeling using HYDRUS 2-D. 

Conceptual Model 

The physical system is a subsurface trench that is open (i.e., does not contain aggregate on the 
infiltrative surface) (Figure F-1). Flow and transport in the system is modeled at various stages of 
operation at a realistic loading rate for a single-family system.  

 
Figure F-1 
Conceptual Model of a WSAS 

Tw a new startup system where the soil-infiltrative 
surface does not have a biozone; and a mature system where basal and sidewall biozones are 

 

o cases are considered in this appendix: 

fully developed. In the new system, the wastewater is assumed to infiltrate at a uniform daily 
rate. For the mature system, wastewater is assumed to be permanently ponded at the infiltrative
surface. The surface application rate for the new system and the ponded depth for the mature 
system are selected such that the volumes of wastewater leaving the model domain are equal for 
the two systems. This method ensures that the two systems are simulated with equal loading 
rates. This analysis assumes that a given family would produce the same amount of wastewater 
regardless of the condition of the infiltrative surface.  
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Mathematical Model 

The mathematical model involves: 

• Mathematical formulation 

• Model boundary condition definition 

• Hydraulic parameter selection 

• Solute-transport parameter selection 

Mathematical Formulation 

Unsaturated flow and multi-species reactive contaminant transport behavior in a typical WSAS 

n 
 

. The 

 θ(h) = θ  + (θ  - θr)[1+ |αh|n ]-m, m = 1-1/n Equation F-1 

where θ is the unitless moisture content (volume of water per bulk volume of soil), θr is the 
when fully saturated (assumed equal 

sure head [L], α is a parameter that is inversely related to the 
agnitude of L-1], and m and n are empirical parameters related to structural 
a he unsaturated hydraulic conductivity function is given by: 

 K( e [1-(1-Se
1/m)m]2 Equation F-2 

 (θs - θr) Equation F-3 

 

are simulated using HYDRUS 2-D, a two-dimensional, finite-element numerical model 
(Simunek et al. 1996). The model utilizes the well-known mixed form of Richards’ equatio
(Richards 1931, Celia et al. 1990) wherein both pressure head and moisture content are variables
in a governing partial differential equation for unsaturated flow. Input parameters to the model 
include saturated hydraulic conductivity and capillary pressure-moisture content parameters
van Genuchten (1980) relationship for capillary-pressure head vs. moisture content is used in 
conjunction with the transform technique of Mualem (1976) to obtain the relationship for 
unsaturated hydraulic conductivity required for model input. The van Genuchten equation is 
given by: 

r s

residual water content, and θs is the water content of the soil 
to the porosity), h is the pres
m  capillary head [
ch racteristics of the soil. T

θ,h) = S

 Se = [θ(h) - θr ] /

Pollutant transport is simulated by solving the well-known advection-dispersion equation (ADE) 
including the processes of zero- or first-order transformations, and contaminant sorption to solids
(reversible and irreversible, linear and nonlinear, and dual-domain). The average linear water 
velocity (v) required for input into the model is calculated at each time step for every finite 
element by solution of Richards’ equation. For these simulations, the molecular diffusion is 
assumed negligible compared to mechanical dispersion, and therefore that the hydrodynamic 
dispersion (D) [L2/T] is linearly related to the water velocity (v) [L/T]. Both longitudinal (along 
the flow path) and transverse dispersion coefficients are considered in the two-dimensional 
modeling presented here.  
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The proportionality constant relating velocity to D is known as the dispersivity (αL for 
longitudinal dispersivity, αT for transverse dispersivity) [L]: 

 DL = αL v                  DT = αT v Equation F-4 

First-order, instantaneous, linear sorption of pollutants to soil is described by the following 
relation: 

Csoil = KD C Equation F-5a 

here Csoil is the concentration of chemical on the soil phase [M/M], C is the concentration in 
e aqueous phase [M/L3], and KD is the equilibrium soil water partition (or distribution) 

oefficient [L3/M]. Sorption causes the contaminant velocity to be regarded by a factor known as 
e retardation coefficient (R): 

R = 1 + ρB KD θ-1 Equation F-5b 

here ρB is the dry bulk density of the soil [M/L3]. Thus, the velocity of the pollutant can be 
xpressed by v/R. Sorption according to a non-linear isotherm is described here by the Langmuir 

: 

Csoil = KL C / (1 + aC) = a Csoil
MAX C / (1 + aC)  Equation F-6a 

here KL is the Langmuir constant (KL = a Csoil
MAX, [L3M]), “a” is an adsorption constant 

lated to binding energy (L3/M), and Csoil
MAX is the maximum sorption capacity of the soil 

/M). The Langmuir isotherm is appropriate for modeling sorption of many pollutants because 
 reduces to a linear adsorption isotherm for relatively small soil and aqueous concentrations, 
hile accounting for a maximum soil sorptive capacity at relatively higher soil and aqueous 

oncentrations. The retardation factor for this case is given by: 

ρB KL θ-1 [(1 + aC)2]-1  Equation F-6b 

any researchers use Freundlich isotherms to model non-linear sorption: 

Csoil = KF CN Equation F-7 

F is the Freundlich constant and N is an exponent that determines the shape of the curve. 
Values for N are commonly less than one for environmental applications, but may be greater 
than one. When N = 1, equation F-7 simplifies to  linear isotherm. For N<1, the Freundlich 
equation can also be used to simulate a maximum soil sorptive capacity. 

Bio a 
firs ):  

 Equation F-8 

 

W
th
c
th

 

W
e
isotherm

 

W
re
(M
it
w
c

 R = 1 + 

M

 

where K

 a

chemical decay (or first-order losses from the aqueous phase in general) is described by 
t-order model using a first-order decay constant, k (T-1

dC/dt = -kC  
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Equation F-8 is solved simultaneously with the ADE. Boundary and initial conditions for the 
model are described below. 

Model Boundary Condition Definition 

The wastewater in the simulations is applied to the center of the trench depicted in Figure F-1. 
For new systems, it is possible that the wastewater will infiltrate faster than it can spread over the 
entire trench (Appendix C, Biozone Development and WSAS Performance: Column Studies). 
Thus, for new systems, two cases are assumed: one where the wastewater infiltrates over an area 
equal to half the trench basal area (“focused” application, Case A), and one where the 
wastewater is distributed uniformly over the entire trench basal surface (Case B). For the 
uniform application scenario, a loading rate of 1.5 cm/day is assumed, which is in the range 
reported by other researchers (discussed previously). In the simulated focused system, the 
wastewater is applied to an area in the center of the trench that is half he total trench area, but at 
twice the loading rate (3 cm/day), resulting in the same total wastewater loading as for the 
uniform application. For the mature system, the biozone is fully developed at the sidewall and 
base, and it is assumed that all the ponded wastewater must infiltrate through the basal and 
sidewall biozone (Case C). The ponding depth is 5 cm and is chosen such that net STE 
infiltrat

These f ondition at the appropriate location within the trench 
assu aily average flow rate is applied at a uniform constant rate during the simulation. 
Oth ving flow are assigned no-flow conditions. The outer 
boundaries of the WSAS are assigned free-drainage boundary conditions (unit hydraulic-head 
gradient, or zero matric-pressure-head gradient). Constant chemical concentrations are assigned 
to the infiltrating STE water (values used for influent concentrations discussed below). Other 
areas of the trench are assigned a zero-concentration boundary condition, while the bottom and 
sides of the WSAS are assigned zero concentration-gradient conditions. The simulations are run 
until steady-state concentrations are reached throughout the WSAS to represent long-term 
conditions for each case. 

It is assumed that a pressure head of –40 cm of water exists uniformly at the start of the 
simulations. However, because the simulations are run to steady-state chemical and hydraulic 
conditions for the analysis reported here, the initial condition has essentially no impact on the 
final results.  

Hydraulic Parameter Selection 

Table F-1 summarizes all the hydraulic parameters used in the simulations. Hydraulic properties 
of the sub-biozone soil are chosen to represent a loamy sand. The thicknesses, saturated 
hydraulic conductivity values, and porosity values of the basal and sidewall biozones were 
chosen from the experimental range reported in the literature (Jones and Taylor 1965; Bouma 
1975; Siegrist 1987; Tyler et al. 1991; Schwager and Boller 1997; Amoozegar and Niewoehner 
1998; Keys et al. 1998). 

 

 t

ion is the same as for Cases A and B (±5%).  

low rates are applied as a boundary c
ming the d
er areas of the trench not achie
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Table F-1 
Hydraulic Parameters 

Parameter Sub-Biozone Soil Basal Biozone Sidewall Biozone 

Ksat (cm/day) 350 0.1 0.5 

θs 0.41 0.35 0.39 

α (cm-1) 0.124 0.145 0.145 

n 2.3 2.7 2.7 

θr 0.057 0.045 0.045 

Capillary-pressure parameters for a WSAS biozone have not been reported in the literature. 
Thus, it was assumed that the capillarity of the biozone was similar to that of fine silt. This is 
realistic because biozones have been observed to behave similar to capillary barriers as well as 

yk et al. 2000).  

 
d concentrations 

n 

apartment 
 Colorado over several months 

exhibited concentrations of about 2–24 mg-PO4/L. 

lower-permeability barriers (Van Cu

Solute-Transport Parameter Selection 

Solute-transport parameters used in these simulations are reported in Table F-2. An STE 
ammonium (NH4) concentration of 50 mg/L is used (or about 39 mg NH4-N/L). This value is 
based on the measured values and on values reported in the literature (McCray et al. 2003). For 
examples, STE collected from a Colorado School of Mines family apartment building and from a
condominium complex by Breckinridge, Colorado over several months exhibite
of 28–60 mg NH4-N/L. In addition, Otis et al. (1973) reported values of 20–46 mg NH4-N/L for 
six septic systems. Robertson et al. (1998) measured concentrations between about 17 and 135 
mg NH4-N/L from 10 septic systems. Finally, Crites and Tchobanoglous (1998) reported 
between 30–50 mg NH4-N/L. Note that NH4 concentrations (and not NH4-N) are used for the 
simulations because reaction and sorption parameters reported in the literature are usually 
applicable for NH4 transport. 

For ammonium, the processes of instantaneous-linear-reversible sorption and first-order 
biochemical transformation of NH4 to nitrate is included. Volatilization is neglected. The 
measured transformation reaction rates and measured sorption coefficients are realistic values 
obtained from the ranges reported in the literature for KD (0 to 3.5 cm3/g) and for k (0.11 to 
24 day-1) (Cho 1971; Geng et al. 1996; Yamaguchi et al. 1996; Ling and El-Kadi 1998; 
DeSimone and Howes 1998; Fischer 1999). The values varied between 0.11 to 0.6 day-1 in most 
of the reviewed studies although Yamaguchi et al. (1996) reported much higher values betwee
9.6 and 24 day-1. 

A STE phosphate (PO4) concentration of 10 mg-P/L was selected for model input because it is 
representative of actual systems. This value is based on measured values for PO4 in STE reported 
in the literature. For examples, STE collected from a Colorado School of Mines family 
building and from a condominium complex by Breckinridge,
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Otis et al. (1973) reported values of 10–14 mg-PO4/L for PO4 for six septic systems. Robertson 
t al. (1998) measured concentrations between about 2 and 12 mg-PO4 /L in STE from 10 septic 

systems. However, assu ng that about 85% of total phosphorus (TP) are comprised of 
rthophosphate (Corell 1998), the chosen PO4 concentration of 10 mg-P/L represents a TP that is 
mewhat lower than the range for TP (12–20 mg-P/L) reported by Crites and Tchobanoglous 
998).  

he phosphate sorption parameters used in the simulations are also given in Table F-2.  
Table F-2 
Solute-Transport Parameters 

Parameter Sub-Biozone Soil Biozones1 

e
mi

o
so
(1

T

 General  

αL (cm) 1.0 1.0 

αL (cm) 0.1 0.1 

ρB (g/cm3) 1.60 1.60 

 Ammonium  

KD (cm3/g) 0.52 0.52 

2k (day-1)  0.25 day-1 y-1 0.25 da

 Phosphate  

KL (cm3/g) 2.5 2.5 

a (cm3/mg) 83 83 

Csoil
MAX (mg/g)  30 30 

3k (day-1) 0.0013 0.0013 

1For both basal and sidewall biozones. 2For transformation to nitrate. 3For precipitation with metals. 

hosphate reaction is highly variable and depends on the type of soil below the infiltration 
ench. It is generally known that phosphate will both sorb to soil and precipitate from solution 
fter complexing with metal cations. For these simulations, both processes are included. Sorption 

is th
199  
stud ity (Magdoff et al. 1974; 
Cam acz 1975; De Camargo et al. 1979; Hill and Sawhney 1981; Harman et al. 1996). 
Lan hen incorporating a maximum soil-sorption 
capacity in modeling efforts. Freundlich curves can also provide a limiting soil concentration (De 
Camargo et al. 1979).  

P
tr
a

ought to occur relatively rapidly relative to typical transport velocities in soil (Harman et al. 
6). Thus, instantaneous sorption is assumed for the simulations. Several laboratory and field
ies have concluded that soils have a limited sorption capac
pbell and R

gmuir sorption isotherms are often used w
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For these modeling efforts, a hypothetical Langmuir-type sorption curve that yields sorption 
isotherms that are within the range of sorption isotherms reported in the literature is used. 
F-2 illustrates sorption data collected from various literature sources. Note that the curve falls 
within the range of nearly a

Figure 

ll the literature data in the low-concentration “linear” stage. However, 
the high-concentration part of the isotherm is in the lower ranges of the reported data. This 

e capacity of 30 mg/kg, a value that lies within the range of values 
 Harman et al. (1996) for field conditions is used.  

occurs because a soil sorptiv
(15–50 mg/kg) reported by

0.1
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0 2 4 6 8 10

Cw (mg/L)

DeCamargo et al. 1979 (F)
DeCamargo et al. 1979 (F)
Hill and Sawhney, 1980 (LG)
Hill and Sawhney, 1980 (LG)
Lee et al. 1998 (L)
Robertson et al. 1998 (L)
Robertson et al. 1998 (L)
Robertson and Harman , 1999 (L)
This paper (LG)

 
Notes: L = linear isotherm, F = Freundlich isotherm, LG = Langmuir isotherm.  
“Symbols only” indicate actual data [from Hill and Sawhney 1981],  
“Lines plus symbols” show isotherms that were reported only by providing KD or   
  Freundlich isotherm parameters. 

Figure F-2 
Sorption Isotherms From the Literature 

Note that the most of the curves in Figure F-2 are based on single measured KD values, which 
cannot model a maximum soil concentration. Thus, most of these singe-KD curves probably 
overestimate sorption capacity at relatively high values for C and Csoil. Precipitation is known to 
be an important mechanism for phosphate reaction in soil water systems. Sorption surfaces for 
phosphates are primarily calcium carbonate, metal hydroxide soil coatings, and solid organic 
carbon (Harman et al. 1996). According to Harmon et al. (1996), precipitation is more likely to 
be a rate-limited process than sorption, but is not significantly affected by wastewater-loading 
history. In addition, precipitation may provide an unlimited capacity to fix phosphate, providing 
the soil water chemistry is appropriate (Jones and Lee 1979). However, most researchers agree 
that it is very difficult to separate the mechanisms of sorption and precipitation. 
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G
so

enerally, authors who attempt to quantify phosphate sorption and precipitation lump it into the 
rption isotherm, where precipitation would contribute to the maximum sorption capacity of the 

soil (Hill and Sawhney 1981; De Camargo et al. 1979; Robertson and Harman 1999; Robertson 
t al. 1998). Lee et al. (1998) used an analytical model for vadose zone and groundwater 

ss of linear, reversible sorption, but could not explicitly account 
r precipitation. Thus, these researchers used a first-order mass loss term (similar to that given 
 Equation F-8) to account for precipitation-loss of phosphate from the soil water. This 

pproach is sensible because the amount of phosphate that can precipitate is dependent on the 
queous-phase concentration. The authors obtained a value of 0.0013 day-1 by calibrating a 
mple transport model to field data. For simplicity, the first-order loss-term of PO4 reported by 
ese authors to simulate phosphate precipitation is used. The value used by Lee et al. (1998) is 

ndoubtedly site-specific. This value is used in simulations as a realistic estimate for 
recipitation, and not because it is believed to be a globally applicable value. 

any of the authors referenced previously have documented that soil-phase phosphate 
concentrations are highest in the zone of 15 centimeters to one meter below the infiltrative 

rface. Because the modeling domain here includes 90 centimeters of soil, the assumption has 
ade that reaction and sorption parameters are uniform within the modeling domain. 

owever, even for uniform sorption and precipitation parameters, one would expect more 
upper portions of the soil because the aqueous concentrations of 

ll constituents are larger closer to the source, and will decrease with depth as the chemical 
ts with the soil. This behavior is illustrated by the model-simulation results and is described 

 more detail later.  

esults and Discussion 

he results and discussion presented in this section include: 

• Unsaturated water flow 

 Ammonium transport 

 Phosphate transport 

nsaturated Water Flow 

imulated velocity profiles at the 90-cm depth of the modeled WSAS represent the magnitude 
aulic residence times in the three systems (Figure F-3). Similar 

ends are apparent at other depths. The figure illustrates that the hydraulic residence time is 
spatially variable and may vary significantly as a function of the infiltrative-surface conditions 
and application method. For Cases A and B, the flow of water is primarily vertical with lateral 
remova
water-c  
the side cur due to the increased 
capillar wer overall water content.  

e
transport that included the proce
fo
in
a
a
si
th
u
p

M

su
been m
H
phosphate to be retained in the 
a
reac
in

R

T

•

•

U

S
and spatial variability of the hydr
tr

l due to capillarity. For the biozone case, a lower and somewhat more uniform 
ontent distribution develops because a portion of the water is infiltrated laterally through
wall biozone. Some additional lateral movement may possibly oc
ity at the lo
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F-10 

The impact of the biozone on hydraulic residence e can be easily observed from this figure. 
The biozone causes slower water velocities, which could allow more time for first-order 
reactions to occur, thus enhancing pollutant removal. The slower velocities are particularly 
beneficial with regard to phosphate ed 
to b ed (Harman et al. 1996), and sorption may also be somewhat rate-limited (De 
Cam

 

 

 

Notes: Steady-state water velocities (cm/day) at the 90-cm depth for a WSAS system that is: (A) new (no 

 

 tim

treatment because precipitation of PO4 is typically assum
e rate-limit
argo et al. 1979). 
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biozone) with focused application of wastewater in center of trench; (B) new (no biozone) with uniform 
application of wastewater over trench; (C) mature (biozone). 

Figure F-3 
Steady-State Water Velocities 
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Analysis of the simulated water content distribution throughout the WSAS is also informative 
(Figure F-4).  

A. 

 

B. 

 
C. 

 
 0.05  0.45 0.10  0.15  0.20  0.25  0.30  0.35  0.40

 
Notes: Steady-state water contents for a WSAS system that is: (A) new (no bi
application of wastewater in center of trench; (B) new (no biozone) with unifo

ozone) with focused 
rm application of wastewater 

Steady-State Water Contents 

over trench; (C) mature (biozone present). 

Figure F-4 
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The focused application (Case A) results in higher water saturations below the application poi
This explains the higher water velocities below the center of the trench (reca

nt. 
ll Figure F-3). When 

 

ystem (Case C) exhibits somewhat lower water contents in the soil below the 

 its higher capillarity 

simulations, it is clear that the 
 

sport and transformation of NH4 is illustrated in Figure F-5, which depicts steady-state 
concentration profiles across the horizontal section of the WSAS at a depth of 90 cm. These 

entration exiting the bottom boundary is 
significantly impacted by both effluent distribution and biozone development.  

 ammonium concentrations at depth because of 
the higher water velocities and larger water contents in the center of the system. The larger 

nductivities, faster advective transport, and less time for degradation reactions. The 
more-uniform application (Case B) exhibits a significant improvement in pollutant reduction for 

The biozone in the mature system (Case C) significantly alters the hydraulic regime (as described 

zones of smaller water velocities because 
more time has elapsed to enable transformation to nitrate. In addition to the impact of water 

her 
 biochemically 

degrade before reaching a selected depth.  

e cases (A, B, C) are 45, 28, and 6 mg/day, respectively. The 
in 

wastewater is distributed evenly over the width of the trench, the water content is more uniform
across the WSAS.  

The mature s
biozone with a noticeably larger hydraulic volume. The increased hydraulic volume results 
mainly from infiltration through the sidewall, which does not occur for the systems with no 
biozone. In addition, the biozone exhibits nearly saturated conditions due to
and lower hydraulic conductivity. This phenomena is typical during infiltration into a layered 
soil. Although not explored here, the higher water contents may have a significant effect on 
biological treatment within the biozone zone. Based on these 
nature of the infiltrative surface and the effluent distribution impact the volume of soil exposed
to advancing wastewater. The mature system provides a larger soil volume for precipitation and 
sorption reactions. 

Ammonium Transport  

The tran

steady-state profiles are representative of the long-term concentrations within the soil and 
flowing water below an infiltrative surface. Recall that the input STE concentration of NH4 is 
0.050 mg/ml (50 mg/L). The figure shows that the conc

The focused application (Case A) results in higher

overall water contents, particularly near the infiltrative surface, cause larger unsaturated 
hydraulic co

the selected depth.  

previously), results in slower transport, and enables increased transformation of ammonium. 
Specifically, the NH4 concentrations are smaller in the 

velocity on transformation, the larger soil zone may allow for additional sorption, which furt
slows the domain-average velocities and increases the amount of NH4 that can

The mass fluxes exiting the bottom boundary (which could represent fluxes input to 
groundwater) for the thre
concentrations exiting the 90-cm depth are 12%, 6%, and 2% of the ammonium concentrations 
the applied STE for cases A, B, and C, respectively. The presence of a mature biozone 
significantly enhances the treatment capacity of the system. 
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Notes: Steady-state ammonium concentrations (mg/mL) at the 90-cm depth for a WSAS system that is: (A) new 
(no biozone) with focused application of wastewater in center of trench; (B) new (no biozone) with uniform 
application of wastewater over trench; (C) mature (biozone present). 

Figure F-5 
Steady-State Ammonium Concentrations 
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Of course, the amount of ammonium transformed depends greatly on the first-order decay rate. 
However, the relative differences in mass reduction for the three cases are similar. These 
simulations show the importance of the infiltrative surface character and effluent distribution on 
pollutant transformations.  

Phosphate Transport  

Phosphate transport experiences the same behaviors as exhibited for ammonium transport 
described above (Figure F-6). Recall that the concentration of phosphate in the applied STE was 
0.01 mg/mL (10 mg/L). Coincidentally, the reductions in simulated concentrations at the 90-cm 
depth are similar to those exhibited by ammonium. Compared to ammonium, the sorption of 
phosphate is much higher, while the “reaction rate” of precipitation is much lower than the 
reaction rate of ammonium transformation. The increased sorption for phosphate causes slower 
overall velocities, and thus allows more time for precipitation. However, the first-order 
precipitation rate for phosphate is much lower than the first-order transformation rate for 
ammonium, resulting in similar concentration reductions. This behavior suggests that both 
sorption and precipitation/transformation will play a significant role in the degree of treatment. 
This is true even for reversible sorption, where the contaminant is not sorbed permanently to the 
soil, but merely experiences “retarded transport.” 

Note that the steady-state concentrations will vary with depth. For example, the steady-state 
phosphate concentrations in the mature system are significantly greater at shallower depths 
(Figure F-7). Steady-state conditions depend on sorption and reaction rates, as well as on soil 
water velocities and water-content distributions. Thus, the shape and extent of the contaminant 
“plume” in the vadose zone may differ greatly for pollutants with different transformation rates 
or sorption characteristics. The soil type will also play a significant role in determining the shape 
and extent of the contaminant plume because hydraulic properties impact the velocity of the soil 
water, and because metal-cation concentrations in the soil may control precipitation. Given the 
variability in hydraulic, transport, and reaction parameters, the depth to groundwater required to 
adequately treat wastewater pollutants is likely to be highly site and pollutant specific.  
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Notes: Steady-state phosphate concentrations (mg/mL) at the 90-cm depth for a WSAS system that is: (A) 
biozone) with focused application of wastewater in center of trench; (B) new (no biozone) with 

over trench; (C) mature (biozone present). 

Figure F-6 
Steady-State Phosphate Concentrations  
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Figure F-7 
Steady-State Phosphate Concentrations in the WSAS (mg/mL) for a Mature (Biozone 
Present) System 

Figure F-7 illustrates that, even for a homogeneous sorption and transformation domain, the 
field-observed phenomena of higher soil phosphate concentrations below the infiltrative surface 
can be simulated using instantaneous, reversible sorption isotherms. As the aqueous 
concentrations available to the soil decrease, so will the amount of chemical partitioned to the 
soil (recall Equations F-5 through F-7). Thus, the higher steady-state soil water concentr
near the infiltrative surface will result in larger steady-state soil concentrations (recall Equations
F-5 through F-7). These simulations illustrate that the increased soil phosphate concentrations 
typically observed below the infiltrative surface can be explained by sorption and transformation 
mechanisms as well as by the existence of special chemical conditions that are conducive to 
precipitation. 

Conclusions 

ations 
 

il and biozones 

This research illustrates that the impact of biozone formation on pollutant treatment depends on 
several factors: 

• Chemical transformation rates 

• Contaminant sorption capacity of the soil 

• Infiltration capacity (hydraulic conductivity) of the native so
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Given the wide variety of pollutants in wastewater, the large range of transformation rates 
possible for a given pollutant, and the variations in local soil type, biozone development is likely 
to play a significant role in controlling treatment for certain pollutants at a given site, but may 
impart little impact for others. Because the biozone has a great potential to impact treatment 
efficiency, it is important to better understand the evolution of biozone hydraulic properties as 
well as mechanisms that control biozone growth and permeability. The implications of these 
various factors on treatment of specific wastewater pollutants (nitrogen species, phosphates, 
selected patho

and 
gens) remain to be rigorously evaluated. The use of multidimensional, numerical, 

unsaturated flow and transport models can be a valuable tool in elucidating these factors. 
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e fastest growing county in the US, with over 200% 
population growth (Summit County 2002). However, in many areas of these mountainous 

s have not been constructed. Consequently, residents rely on 
astewater systems (OWS) for treatment and disposal of their wastewater. Most homes 
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The mountainous regions of Colorado have experienced development and considerable 
population growth in the past years. From 1970 to 1980, Summit County, located in the middle 
of the Colorado Rocky Mountains, was th

regions, centralized sewer system
onsite w
that utilize these systems for wastewater disposal also use private groundwater wells for drinking 
water. In the Dillon Reservoir watershed (Figure G-1), located in southern Summit County, 
watershed water quality management issues related to OWS effluent are more prominent due
population growth, thin soils, and potential nutrient and pathogen transport to surface water an
groundwater supplies in the montane environment. The Dillon Reservoir watershed includes 
Upper Blue River, Tenmile Creek, and Snake River. 

igure G-1 
he Dillon Reservoir Watershed 
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Watershed Modeling Using BASINS/SWAT 

Introduction 

The objective of the work presented in this appendix was to model the effects of wastewater 
ter in the Dillon Reservoir watershed using a 

o -linked watershed-scale water quality model. The goal 
Soil 

onal details can be found in Lemonds (2003). 

c 

), 
l 

The Water Quality Control Division of the Colorado Department of Public Health and 
ent is authorized to approve point source/nonpoint source tradeoffs in the watershed 

(CDPHE 2001). The tradeoffs in the Dillon Reservoir watershed were the nation’s first 

control 

001). Regulations also maintain that a 
ip will provide the m  Dillon Reservoir to 

 982 (CDPHE 2001). t l of phosphorus have 
a better understanding o h from each important source in the 

t ding naturally occurring phosphorus, is necessary. 

 umerous models we 003). An evaluation of the 
emonstrated that each can predict distinct aspects of watershed water quality 

Table G-1 shows the models reviewed and the capabilities of 

pollutants, specifically phosphorus, on surface wa
ge graphical information system (GIS)
was to use a free, public-domain model to maximize the practical benefits of the research. 
and Water Assessment Tool (SWAT), which is incorporated in the Better Assessment Science 
Integrating Point and Nonpoint Sources (BASINS) modeling package available from the United 
States Environmental Protection Agency (US EPA), was used for the study (Neitsch et al. 
2001a). SWAT utilizes primarily physically-based data, simulates land-use and management 
scenarios, and takes into account process interactions through a GIS environment. This appendix 
summarizes the work completed, while additi

Phosphorus (P) concentrations in Dillon Reservoir have long been a concern. One major concern 
of elevated concentrations of phosphorus in reservoirs is eutrophication. Brady and Weil (1999) 
define eutrophication as the nutrient enrichment of water bodies that stimulates growth of aquati
organisms, which leads to a deficiency of oxygen. This process is accelerated by human-related 
contributions of point and nonpoint sources of phosphorus. Ongoing studies to quantify sources 
of phosphorus in the watershed have been completed by Lewis and Saunders (1998, 1999, 2002
and regulations for input of phosphorus into Dillon Reservoir have been implemented. Municipa
or domestic wastewater treatment plants treating more than 2,000 gallons per day in the Dillon 
Reservoir watershed cannot legally discharge effluent with a total phosphorus concentration of 
0.5 mg L-1 or greater (CDPHE 2001). Also, total phosphorus discharged in the watershed by 
point sources may not exceed 1,621 lb year-1, except under certain conditions.  

Environm

point/nonpoint trading program (US EPA 1999). By controlling nonpoint sources, point source 
dischargers receive a credit toward their allocation. However, credit is only given for the 
of nonpoint sources in existence since July 30, 1984, and is assigned based on site-specific data 
or a specific water quality modeling approach (CDPHE 2
state-local partnersh
the level it was in 1

eans for maintaining the quality of
 Al hough regulations for the contro

been developed, f t e contributions 
wa ershed, inclu

As part of this project, n re reviewed (Lemonds 2
selected models d
and hydrology in different ways. 
each. Watershed Analysis Risk Management Framework (WARMF), BASINS, and Water 
Quality Analysis Simulation Program (WASP4) modify and link several less comprehensive 
models to accomplish simulation of the watershed hydrology.  
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MODular three-dimensional finite-difference ground-water FLOW model (MODFLOW
MIKE SHE modeling system utilize various modules and packages to integrate surface-water 
and groundwater components. SWATMOD (a comprehensive basin model that links SWA
MODFLOW) and MODBRANCH (combined groundwater-surface-water model that links 
BRANCH [Branch-Network Dynamic Flow Model] and MODFLOW) link MODFLOW, wh
is best at simulating groundwater flow, with two models that better model the surface w
component.  

Table G-1 
Summary of Models Reviewed and Their Capabilities 

) and the 

T and 

ich 
ater 

Model Water Water Zone of N and P Transport

SWAT ~

HSPF ~

WARMF
MODFLOW-MT3D ~

SWATMOD ~

MODBRANCH ~

MANAG

Surfac
Transport and Virus and 

e Ground Vadose Transformation Pathogen 

E ~

MIKESHE ~

~WASP4
PLOAD ~ ~

IDRISI-AgriFlux ~ ~  
Note: Relative thoroughness in simulating each component by the models is represented as more robust by large 

circles, and not capable of simulating component if no circle is present. 

ould not be expected to flawlessly describe the 
l hed. Although WARMF has the practical Consensus model, which can 
 lopment, the model’s simulation of groundwater flow is not the most 

n possible when compared to MODFLOW’s simulation of groundwater 
flow. The L odel is specialized to model nitrate contamination, 
but ust also be quantified. Donigian et al. (1996) 
contend that the water quality routines in Hydrological Simulation Program—Fortran (HSPF) are 
best for calculating detailed soil processes, like nutrient transformation, attenuation, leaching, 
and r
compar SPF lacks the 
capability of groundwater quantity assessment. Similarly, SWAT’s groundwater routines are 
simplistic, but it has strong capability in simulating surface-water hydrology and nutrient 
transport.  

circles, less robust by small 

All of the models have some weaknesses and w
Di lon Reservoir waters
be used for TMDL deve
accurate representatio

asserre et al. (1999) GIS-linked m
 more elements related to water supply m

 so ption, and the ability to incorporate changing land use and pollutant loads is an advantage 
ed to similar models. However, like the Lasserre et al. (1999) model, H
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Watershed-Scale Modeling Methodology 

: 

Comprehensive and accurate watershed-scale modeling is an arduous task, which SWAT helps 
ployed in a GIS environment to 

subdivide the Dillon Reservoir watershed into smaller, spatially-linked subwatersheds with 

 
 together land uses and soil types that overlie each other in the GIS environment so 

that loadings from each HRU may be calculated efficiently and then summed for each 
 

 government agencies were used for initial model development 
and for calibration. After initial development of the model, results were evaluated against 

; 

WS in 
lfill the 

objectives of the study, a sensitivity study was performed to determine the influence of several 

ty issues 

• Assist in analysis of dynamic environmental systems 

• Supply a structure for investigating different management scenarios 

This section provides information about watershed-scale modeling methodology, including

• Approach 

• Description of BASINS 

• SWAT setup 

• Simulation setup 

Approach 

to simplify through several methods. First, SWAT was em

grid-based information (Digital Elevation Model). Then, GIS coverages of land use, management 
practices, and soil type were employed to further divide each subwatershed into hydrologic 
response units (HRUs). An HRU is not a spatial subdivision but is a total area within a 
subwatershed that possesses similar land uses and soils. The HRUs simplify model simulations
by combining

subwatershed. The pollutant loadings from each subwatershed were then routed downstream
through each subwatershed’s outlet.  

Free, public-domain data from

observed values. Typically, SWAT models do not need rigorous calibration (Arnold et al. 1999
Arnold and Allen 1996; Fontaine et al. 2002; Manguerra and Engel 1998; Santhi et al. 2001; 
Srinivasan et al. 1998), but in this case, snowmelt parameters and variables accounting for 
orographic, or rain shadow, effects were adjusted.  

In the application of the model, point-source discharges were incorporated. In addition, O
the watershed were included by methods described in the following sections. To fu

parameters’ effects on phosphorus loading into the Blue River.  

Description of BASINS 

BASINS was developed by the US EPA to solve watershed management and water quali
(Lahlou et al. 1998). The three main objectives of BASINS are to (US EPA 2001): 

• Support the examination of environmental data 
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BASINS is not a model but a Windows-based front-end interface that allows input of common 
data to several different hydrologic models and provides a post-processor that can be used with 
the models. An important attribute of BASINS is its ability to simulate conditions using a 
whole-watershed approach. To simulate and predict water quality in a watershed, BASINS 
incorporates several features (US EPA 2001): 

• National databases that include information on parameters such as cartographic, soil, and 
climate information 

• Tools that allow for large- or small-scale assessment of an area 

• Data evaluation and organization tools 

• Watershed characterization reports 

• Surface-water quality models 

• Watershed models and postprocessors  

A GIS provides the user environment through which BASINS incorporates a wide array of d
The GIS organizes spatial data and displays them in a logical format for the user. A benefit of th
GIS integration is the ability of BASINS to carry out studies from the regional-scale to the 
reach-scale. 

Through the GIS, BASINS incorporates several data extensions that assist in data management. 
The data extensions included are: 

• Theme Manager—Enables coverages other than the default themes to be loaded into a 
BASINS view. 

• Import BASINS Data—Gives users the option to import supplementary data sets in the f
of sh

ata. 
e 

orm 
ape or grid themes and then prepares them to work correctly with BASINS GIS 

operations. 

phic Dataset (NHD) Download Tool—Enables users to download the 

PA 
ctions that the Grid Projector is capable of completing. 

sheds. 

hrough an extension, GenScn and WDMUtil can be opened directly from the BASINS 
interface.  

• National Hydrogra
NHD reach files for the specific study area directly from the US Geological Survey (USGS) 
NHD website and import the files into the BASINS view. 

• Grid Projector—Converts ArcView/ArcInfo grid data between map projections and can 
project maps to and from latitude-longitude and different Cartesian coordinates. US E
(2001) lists the proje

• GenScn—Displays and interprets output from model applications, including HSPF and 
SWAT. 

• WDMUtil—Assists with the management of Watershed Data Management (WDM) files, 
which HSPF (Bicknell et al. 1996) uses in modeling water

T
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The BASINS system also includes two watershed delineation tools to facilitate the analysis of 
smaller basins. The Manual Delineation Tool enables the user to manually delineate a watershed 
into subwatersheds by his knowledge of the basin topography and with the use of a mouse. The 
Automatic Delineation Tool uses the Digital Elevation Model (DEM) for the area and 
user-specified limits for the size and number of subwatersheds to calculate subwatersheds.  

BASINS 3.0 includes interfaces with four models for watershed management: 

• QUAL2E (Brown and Barnwell 1987)—An instream water quality and eutrophication 
model. The model can simulate the fate and transport of chemical constituents in streams 
with a given flow condition (US EPA 2001).  

• HSPF (Bicknell et al. 1996)—A model linked to BASINS through the WinHSPF interface. 
HSPF can simulate point and nonpoint sources, flow, and water quality.  

• SWAT—A physically-based model developed to simulate varying land management 
practices, land uses, and agricultural chemical yields (Arnold et al. 1998) developed by the 
Agricultural Research Service (ARS), a branch of the US Department of Agriculture 
(USDA). With data available in BASINS, SWAT can support long-term studies of flow and 
water quality predictions. 

• PLOAD—A GIS-based model designed by CH2M Hill. For any user-defined pollutant, 
dicts nonpoint-source loadings on an average annual basis (US EPA 2001). 

D was developed as a 
simple model that could be customized for a broad range of applications, including storm 

 
sessment tools. TARGET, ASSESS, and Data Mining are geographically-based 

tools that enable the user to gain perspective and form preliminary relationships between water 

ersheds and give the results in a 
report format.  

l summaries database is used, and the Permit Compliance System (PCS) stations’ data 
are used for point-source discharge assessment. ASSESS can be useful to study watersheds of 

inary evaluations using TARGET have identified specific areas of water 

PLOAD pre
PLOAD is the simplest of the four models included in BASINS. PLOA

water permitting, watershed management, and reservoir protection (US EPA 2001).  

Included in the BASINS analysis system are other important features. One of these is a package
of several data as

quality data and potential causes of impaired waters (US EPA 2001). 

TARGET performs broad water quality assessments of the entire area extracted from the 
BASINS data set for the study at a state or regional level. Based on the water quality parameters 
and thresholds selected by the user, TARGET is able to rank wat

Capabilities of ASSESS include water quality and point-source discharge evaluation for a 
grouping of watersheds or a single watershed. In water quality assessment, the water quality 
statistica

concern after prelim
quality decline.  
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The Data Mining tool helps users to obtain and visualize water quality and point-source loading 
le through the BASINS dat e ols, Data Mining 

a  large-scale examination of  dangered stream 
ies of w r periods from 1970 to 

9 onitoring program e period, and 
s. 

S (SWAT, QUAL2E, HSPF, and PLOAD) each provide 
solutions to different modeling questions. After review of the four models, it was determined that 

e HSPF and SWAT because of 
ed proc  and SWAT are 
  

d fr odel 
r del a

groundwater recharge, and transport processes  f n species, and 
pe o n results show time 

histories of runoff, flow rate, water quantity, an ons) at any 
gian and Huber 1991). Extensive data are needed for input into the 

et al. (2002), the strength of HSPF is its comprehensive nature and 

s. 

 are needed for basic simulations with HSPF (Engelmann et al. 2002). 

For simulation of each land segment, HSPF uses conceptual and physical parameters. Some of 
the physical parameters needed for modeling include:  

• Total watershed area • Manning roughness 

• Stream lengths • Infiltration rate 

• Surface area of streams and reservoirs • Interception capacities of vegetation 

• Land slope  

information availab
en bles the greatest

a s ts. Of the three assessment to
 an area and is able to identify en

reaches. Data Mining supplies summar ate  quality for six four-year 
19 7, supports analyses of m
chemical constituent data gap

s, and identifies geographic, tim

The four models included in BASIN

the two models most applicable to the research objectives wer
their ability to simulate detailed watersh
described in the following two sections.

esses. The capabilities of HSPF

HSPF 

HSPF (Bicknell et al. 1996) was redevelope
(C awford and Linsley 1966). HSPF can mo

om the early 1960s Stanford Watershed M
 m ny parameters, including surface runoff, 
for ecal coliform, nitroge
rvi us surfaces. Simulatioorganic-phosphorus on both pervious and im
d water quality (solute concentrati

point in a watershed (Doni
model. According to Lohani 
ability to simulate years of hourly rainfall, soil moisture, and evaporation data.  

HSPF has three main modeling components, including modules that simulate hydrologic 
processes for pervious land, impervious land, and routing through reservoirs and stream reache
HSPF can simulate spatial variability by dividing the watershed into homogeneous land 
segments based on land use, soil properties, and stream reach uniformity (Chen et al. 1995). 
Only the sections that model the water budget for pervious and impervious land segments and 
hydraulic behavior
Equations from the LANDS module of the Stanford Watershed Model IV were used in HSPF to 
simulate surface runoff from pervious areas, surface runoff from impervious areas, interflow 
from pervious areas, and groundwater flow. Algorithms for production and removal of sediment 
in HSPF were taken from the ARM and NPS model (Bicknell et al. 1996), and equations were 
then added to HSPF to simulate soil scour.  
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Conceptual parameters required include: 

• Soil storage capacity 

• Evapotranspiration rate 

• Groundwater recession parameter 

Lohani et al. (2002) find three major limitations in the usage of HSPF. First, they cite the 
complexity of the model. HSPF requires large amounts of time to prepare time-series inputs, and 
since the model contains so many parameters, trial-and-error calibration and validation also 
demand a great deal of time. To expedite the calibration process, HSPFParm (Donigian et al. 
1999) and HSPEXP (Lumb et al. 1994) were created, but Lohani et al. (2002) suggest that the 
process still remains laborious.  

The second limitation of HSPF is the user interface. Land-use and watershed parameters are kept 
in the User Control File (UCI), which is in FORTRAN format. To change land uses for different 
growth and development scenarios, the UCI file must be recalculated for each new scenario, 
which can be a difficult task. Manual formatting and constant alterations can also lead to errors 
in the FORTRAN format, which may not necessarily be detected by HSPF (Lohani et al. 2002). 

The third weakness of HSPF is its output interface. Lohani et al. (2002) describe that land use 
cha
qualitatively with visual examination of hydrographs. However, HSPF output is located in the 
WDM file, which is in binary format. The US Geological Survey (USGS) and EPA’s DOS-based 

graph and show results, but the process is arduous according to Lohani et 
al. (2002). In addition, graphics are not easily imported into other applications.  

• Percolation • Snowmelt 

n • Anthropogenic effects 

nges that affect the hydrology of a watershed are evaluated quantitatively with statistics and 

ANNIE program can 

SWAT 

SWAT was developed to predict the effect of management practices on water, sediment, nutrient, 
and pesticide yields at the watershed scale. SWAT was originally developed to simulate 
hydrology and surface-water quality in agricultural basins. SWAT incorporates physical data and 
can simulate processes including (Neitsch et al. 2001b): 

• Surface runoff • Nutrient and pesticide loading 

• Return flow • Water transfer 

• Evapotranspiratio

• Crop growth  

Supplemental information on the data requirements and theoretical basis of SWAT is presented 
in the Supplemental Information: Theoretical Formulation of SWAT section, which follows the 
References section in this appendix.  
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Since SWAT is primarily a surface-water model with limited groundwater simulation 
capabilities, SWATMOD (Sophocleous et al. 1999) was developed to evaluate long-term water
management scenarios by integrating the surface water and groundwater components of a 
watershed into one model. The existing models SWAT (Arnold et al. 1993) and MODFLOW 
(McDonald and Harbaugh 1988) were linked, and a GUI and decision-support system were 
developed to address issues related to water rights and management of the watershed. 
SWATMOD is not publicly available. SWAT was developed by the USDA, Agricultural 
Research Service (USDA-ARS) as an expansion of the Simulator for Water Resources in Rural 
Basins (SWRBB) model (Arnold and Williams 1994) from the subwatershed scale to the basin 
scale. SWAT inclu

 

des algorithms for simulating contaminant transport, stream and lake water 

, the user is able to test several unique 

 
 most sensitive to the 

 

 

• Input adaptation 

– Point-source discharge attributes 

– Reservoir attributes 

– Subbasin attributes (attributes specific to each subwatershed, which inclu

quality, weather generation, and interfacing with GIS primarily for simulation of surface water 
hydrology (Deliman et al. 1999).  

SWATMOD was applied to a basin in south-central Kansas in order to specifically simulate 
water-shortage periods when water-supply issues might be most significant (Sophocleous et al. 
1999). With the use of a decision support system
management scenarios by changing model conditions, performing simulations, and viewing the 
new results and impact of the changes graphically. Part of the application of SWATMOD also 
included the calibration of the model by trial-and-error and parameter-estimation methods 
(PEST) (Doherty et al. 1994) using historical stream flow and water levels from 1955 to 1980. A
sensitivity analysis concluded that surface yield and total recharge are
hydraulic conductivity of the pond bottoms and water-storage properties of the soil (Sophocleous
et al. 1999).  

SWAT Setup  

The following section describes the application of the SWAT model applied to the Dillon 
Reservoir watershed. Data were obtained from several different sources. Most of the data sources
were public-domain databases, which were available through government agencies. Factors 
involved in model setup include:  

• Watershed delineation 

• Development of hydrologic response units 

• Weather attributes 

de management 
practices that incorporate phosphorus from OWS into the subsurface) 
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Watershed Delineation 

The SWAT ArcView interface contains a Watershed Delineation tool. This tool is used to 
subdivide the watershed of interest into smaller subwatersheds that are hydrologically related. 
The watershed delineation process requires ArcView GIS 3.x and the Spatial Analyst extension. 
If the model is implemented through the BASINS interface, then a manual delineation option is 
available. Using this option, the Spatial Analyst extension is not required.  

In order to delineate subwatersheds in SWAT, a DEM is required. For the application to the 
Dillon Reservoir watershed, a USGS 300-meter resolution, 1-degree DEM was employed. 
Information extracted and calculated from the DEM and used in the model includes overland 
slope and slope length. 

Development of Hydrologic Response Units (HRUs) 

An HRU is based on land-use and soil information incorporated into SWAT. An HRU is defined 
as a unique land-use/soil combination within a subwatershed. HRUs are smaller divisions of the 
subwatershed that are not spatially related to each other (Neitsch et al. 2001b). SWAT uses 
topography, land use, and soils information to calculate the area and hydrologic parameters of 
each HRU.  

The land-use information, which was available through BASINS, is a 1:250,000-scale 
quadrangle of Landuse/Landcover Geographic Information Retrieval Analysis System (GIRAS) 
spatial data. The land use/land cover digital data were collected by the USGS and converted to 
ARC/INFO by the US EPA.  

The soil attributes utilized are part of the State Soil Geographic (STATSGO) Database, which 
was developed by the National Cooperative Soil Survey (USDA-NRCS Soil Survey 2002). The 
soil maps were compiled from more detailed soil survey maps, and where soil survey maps were 
not available, data on geology, topography, vegetation, climate, and Land Remote Sensing 

atellite (LANDSAT) images were integrated into one unit. Each soil map unit is linked to 
etations Record relational database, which provides the 

prop s and their properties (US EPA 2002a). 

In the STATSGO database, soil attributes are stored in polygon format. Each polygon includes 
multiple soil series with information on its areal percentage of the polygon. In the SWAT 
ArcView Interface, the dominant soil series is selected, and the interface extracts properties for 
the model from a relational database. A relational database is a type of database that associates 

ral separate databases. 
Examples of the properties extracted include soil texture, bulk density, hydraulic conductivity, 
available water capacity, organic carbon, and total depth of soil. 

S
attributes in the Map Unit Interpr

ortionate extent of the component soil

objects with complex relationships into a more efficient and easily retrievable form than 
traditional databases, which only link repeated fields within seve
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After the land-use and soil data were imported into the model, HRUs were determined. Only the 
percentages of soils and land uses within each subbasin are known. The HRU represents a total 
area in the subbasin with the same soil/land-use characteristics. No interaction between HRUs in 
a subwatershed is assumed. Loadings from each HRU within a subbasin associated with runoff 
(such as nutrients and sediment) are calculated individually. Then, using hydraulic properties of 
the HRUs, one total loading for the subwatershed is calculated by summing weighted averages of 
the loadings for each HRU based on the total area defined for each HRU in the subwatershed.  

Multiple HRUs were assigned to each subwatershed in the model. Threshold lev to 
eliminate minor soil and land uses. Neitsch et al. (2001b) recommend a land-use threshold of 

 

 and provide a more accurate physical description of the water 
balance. For example, different land uses and soil combinations support different plant species, 
which can affect residue cover and runoff quantity and quality. Accounting for plant diversity 
within a subwatershed allows for greater accuracy in the calculation of runoff that enters the 
main stream reach (Neitsch et al. 2001b). In addition, by representing areas with different soils 
and land uses with HRUs, the model is more capable of accounting for the differences in 
evapotranspiration and other hydrologic conditions of different land covers (DiLuzio et al. 
2001).  

Weather Attributes 

After delineation of the subwatersheds and HRUs, weather data for the watershed was defined. 
Weather information incorporated into the model includes precipitation, air temperature, solar 
radiation, and wind. Figure G-2 shows the distribution of weather stations within the watershed. 
The availability and acquisition of the different types of weather data is described in the 
following subsections.  

Precipitation data were available from the National Climatic Data Center (NCDC) and the 
Natural Resources Conservation Service’s (NRCS) National Water and Climate Center SNOTEL 
Data Network. Six stations were obtainable within the Dillon Reservoir watershed (Figure G-2). 
Daily precipitation values were incorporated into the model.  

 

els may be set 

20% and a soil threshold of 10%. These threshold values were used for the application to the 
Dillon Reservoir watershed. The land-use threshold indicates that if a land use covers less than 
20% of the area of the subbasin, the land use is eliminated and its area is then reallocated to the 
remaining land uses. The soil threshold restricts the number of HRUs by eliminating minor soils 
within each land use that is above the land-use threshold.  

DiLuzio et al. (2001) suggest one to ten HRUs per subwatershed. In the setup of the model, 
seven land uses and three soil types were demarcated for the watershed. For each subwatershed
there were one to five HRUs defined. The HRUs lend increased accuracy to the calculation of 
loadings within a subwatershed
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Figure G-2 
Distribution of Weather Stations Within the Dillon Reservoir Watershed 

m temperature values were incorporated 

) 
 

 

e incorporated into the 
model.  

Temperature data were available from the NCDC and the NRCS National Water and Climate 
Center SNOTEL Data Network. Six stations were accessible within the Dillon Reservoir 
watershed (Figure G-2). Daily minimum and maximu
into the model.  

Wind data were not as readily available as temperature and precipitation data. Wind speeds were 
acquired from Eagle County Airport in Gypsum, Colorado. The airport is about 20 miles (32 km
from the center of the Dillon Reservoir watershed. Wind speed information is only required if the
Penman-Monteith evapotranspiration method is used in the model. For the Dillon Reservoir 
watershed model application, wind data were not incorporated.  

Solar radiation data were obtained from the US Database feature that is incorporated into SWAT
(US EPA 2002a). The station from which data were extracted is about 15.5 miles (25 km) from 
the center of the Dillon Reservoir watershed. Daily radiation values wer

Input Adaptation 

Input adaptation for the application to the Dillon Reservoir watershed included definition of 
point-source discharges into Blue River and its tributaries, Dillon Reservoir levels, reservoir 
outflow, and information specific to particular subwatersheds.  
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Examples of information specific to each subwatershed include:  

• Soil properties • Stream-routing parameters 

• Stream-water chemical properties • Consumptive water use 

• Groundwater properties • Management practices 

• Alpine Rock Company McCain Pit • Copper Mountain WWTP 

he point-source discharges. Figure G-3 shows the 
ed into the model. Since daily loadings were 

l. 
e 

rom 
d 

rom 

Point-Source Discharge Attributes 

Point-source discharges incorporated into the model include: 

• Arapahoe Basin Ski Area WWTP 

• Breckenridge Sanitation District McDill 
Placer WWTP 

• Breckenridge Sanitation District South 
Blue River WWTP 

• Breckenridge Sanitation District Valley 
of the Blue WWTP 

• Breckenridge WWTP 

• Frisco Wastewater Treatment Plant (WWTP) 

• Iowa Hill Water Reclamation 

• Ralston Resorts—Keystone WWTP 

• Snake River WWTP 

• Vail Pass Rest Area 

• Wayne Bristol Water Supply 

The Breckenridge WWTP is the largest of t
location of the point source discharges incorporat
not available for some sites, monthly averages of daily loadings were employed in the mode
When point sources are added in the model, the loading data are incorporated directly into th
stream channel network. Examples of information included in the point-source discharge data are 
mass loading per day of nitrate (NO3

-), phosphate as P (PO4-P), and ammonia (NH3), and total 
outflow per day.  

Point-source data were obtained from the US EPA, Office of Water Permit Compliance System 
(US EPA 2002a), which is a national computerized management information system. Data f
the National Pollutant Discharge Elimination System (NPDES) is managed by the automate
permit compliance system. The permitting program through NPDES regulates discharges f
wastewater treatment facilities.  
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Figure G-3 
Location of Point-Source Discharges Incorporated Into the SWAT Model 

Reservoir Attributes 

SWAT enables the definition of several reservoir parameters. Examples include the reservoir 
surface area when the reservoir is filled to the principal spillway, volume of water needed to fill 
the reservoir to the principal spillway, and initial reservoir volume for the start of the simulation. 
In addition, the amount of water removed from the reservoir for use outside the watershed is 
taken into account. This aspect is especially significant in the application to the Dillon Reservoir 
watershed since the City of Denver, Colorado, removes water from the reservoir for consumptive 

se. Measured daily outflow at Dillon Dam also was incorporated into the model. The outflow 
ata am were obtained from the USGS, and Denver Water (Denver Water 2002) 

pro  may 
also be assigned in the rese
parameters of the reservoir were incorporated.  

tive water use and management 
ractices were customized.  

u
d  from the d

vided consumptive use information. Initial concentrations of nutrients in the reservoir
rvoir input file, but in the model construction only physical 

Subbasin Attributes 

For the input files specific to subwatersheds, the soil properties, stream-water chemical 
properties, groundwater properties, stream-routing parameters, consumptive water use, and 
management practices may be refined to better represent the watershed. To alter these properties 
in SWAT, the user chooses the subbasin, land use, and soil for which modifications are to be 
made. For initial development of the model, only consump
p
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In SWAT, consumptive water use represents water removed from the basin. Water may be 
removed from the shallow aquifer, deep aquifer, reach, pond, or reservoir. As previously 
described, the City of Denver removes water from the Dillon Reservoir watershed through the 
Rob . There are several diversions (water removal from the basin) besides Roberts 
Tun s 
near Hoosier Pass that transport water south out of the watershed. Data for the flow of these 
diversions were obtained from the USGS. In the model, the water was removed directly from the 

 well when considering the diversions transport water primarily during the 

To OWS into the model, a fertilizer management practice was used. Jeff Arnold, one 
l way to implement OWS 

urrently no algorithms in SWAT to rigorously simulate 
je nd surface, as occurs in OWS (personal communication, Jeff 
n ce 2002).  

  of OWS pollutants of concern must equal the mass of 
ffluent flow rates and water quality 

, fertilizer application input parameters were adjusted in SWAT 
 a ent mass input rate to the subsurface.  

 typical loading rate values for OWS range from 1 to 8.4 cm 
y  et al. 2000; Siegrist and Boyle 1987; Van Cuyk et al. 2001). 

ve review of published information concerning OWS 
edian concentration of total N to be 44 mg N L-1, the 

g N L-1, the median concentration of ammonium 
 L-1, and the median concentration of nitrate (NO3

-) to be 0.20 mg N L-1. 
4-P), Kirkland (2001) found the median concentration in OWS effluent 

ed per day by OWS for each subwatershed, the 
following calculation, using subwatershed 28 as an example, was completed using the median 
value of OWS loading and phosphorus concentration: 

erts Tunnel
nel. Bemrose-Hoosier, McCullough-SP, and Monte Cristo are three agricultural diversion

reach. Monthly average values of flow were incorporated into SWAT for this type of diversion. 
This approach worked
summer months.  

incorporate 
of the authors of SWAT, suggested that this would be the most practica
into the model because there are c
in ction of water below the grou
Ar old, Agricultural Research Servi

To complete this task, the mass input rate
nutrient input by fertilizer. Thus, a summary of OWS e
parameters was compiled. Then
to chieve the appropriate nutri

Several authors have published that
da -1 (Kirkland 2001; McCray
Kirkland (2001) completed an extensi
effluent composition. She found the m
median concentration of organic N to be 14 m
(NH4

+) to be 60 mg N
For phosphorus as P (PO
to be 10 mg P L-1. For the relatively large population associated with a watershed, median values 
for OWS parameters are appropriate.  

The nutrient phosphorus was used in this research as an example OWS pollutant. To determine 
the mass of phosphorus per hectare that is load

⎟
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area 28 edsubwatersh
cap 1455

daycap
L 165

L
mgP 10  

 
 Equation G-1 

The result is 0.00142 kg P ha-1 day-1. Implementing the fertilizer management practice in 
seven-day intervals was assumed to adequately represent OWS effluent processes, so the result 
from Equation G-1 is multiplied by seven. The product is 0.01 kg P ha-1 7 days-1. This 
calculation was performed for all subwatersheds where OWS application was simulated.  

dayha
kgP 0.00142

 Pmg10
 Pkg 1

ha 1695
area 28 edsubwatersh

 6 ⋅
=⎟⎟
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⎝

⎛
⋅⎟
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⎞

⎜
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The areal distribution of the applied manure was determined based on the distribution of OWS 
along the Blue River (Figure G-4). Manure was applied to HRUs that represented land uses and
soils where OWS were located in each subwatershed. Lemonds (2003) describes in detail the 
areal distribution of the fertilizer application. 

 

 

Note: Small dots show the location of OWS. 

Distribution of OWS Along the Blue River 

 

Fig  manu  but note th ce HRUs do not 
rep s can not be shown on a map. 

Not projected  

Figure G-4 

ure G-5 shows the subwatersheds where
resent spatial areas, these area

re was applied, at sin

G-16 



 
Watershed Modeling Using BASINS/SWAT 

21

6

28

20

4

19

26

13

8

18

7
5

29

17

31

3

32

35

34

24

15
30

11

10 9

23

1
2

27

12

16
1433

36

25

22

5 0 5 10 Kilometers

N

Subbasins
Fertilizer applied
Streams

 

Modeling 

e 

 
P (kg 

form of P 
ount 

Figure G-5 
Subbasins Where Fertilizer Application Was Used to Simulate OWS Inputs for SWAT 

SWAT enables the user to define the type of fertilizer or manure applied in the watershed. Of th
options available, swine manure most closely matches that of human waste (personal 
communication, Robert Siegrist, Colorado School of Mines 2002). Therefore, swine manure was
applied. Quality parameters defined for the swine manure in SWAT were 0.015 kg mineral 
fertilizer)-1 and 0.001 kg organic P (kg fertilizer)-1. OWS effluent occurs as the mineral 
(Kirkland 2001). By applying 0.620 kg manure per hectare every seven days, the correct am
of P is applied: 

days 7ha
P kg 0.01

days 7  ha
fertilizer kg 0.620

fertilizer kg
P  totalkg 0.016

⋅
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
. Equation G-2 

SWAT enables manure to be applied below the top 10 mm of soil so that it has minimal 

ch 
-

interaction with surface runoff, which is desired for OWS application. Manure is applied in the 
solid phase. OWS is normally applied in the liquid phase. However, SWAT assumes equilibrium 
mass transfer between the solid and aqueous phases in the active mineral pool of P (see the 
Supplemental Information: Theoretical Formulation of SWAT section, which follows the 
References section in this appendix), so the application methods yield the same result. Note that 
SWAT lacks the ability to simulate pathogen transport, including bacteria and viruses, whi
occur in OWS effluent (personal communication, Susan Neitsch, Spatial Sciences Laboratory
Texas A&M University 2002) 
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OWS pollutants are potentially transported to the groundwater by infiltrating water. The manure 
application does not incorporate this component. Irrigation water is not a good method to 
simulate OWS water input because this irrigation water can runoff the surface (unlike OWS in 
the study area) and would also adversely influence the water budget. Note that in these 
simulations, domestic pumping was assumed to equal OWS input. However, recharge of water 
due to OWS input is insignificant compared to precipitation at the subwatershed scale. Thus, the 
water added from precipitation is assumed to infiltrate the wastewater pollutants. The 
justification for this assumption is provided as follows.  

Kirkland (2001) found that the median household wastewater flow rate is 165 L cap-1 day-1 and 
that this value is similar to the value reported in the Design Manual for Onsite Wastewater 
Treatment and Disposal Systems (US EPA 1980). Information on the number of persons serviced 
by OWS in the watershed was also available from the Summit County Environmental Health 
Department. For example, the amount of water that would have to be applied over subbasin 28 if 
water were incorporated into the OWS simulation in SWAT is 

⎟
⎠⎝⎠⎝⎠⎝⎠⎝ ⋅ 24 m1x10ha 1695L 1daycap

 Equation G-3 

where 165 L cap-1 day-1 is the median household wastewater flow rate, 1,455 people is the 

⎞⎛⎞⎛⎞⎛⎞ 3 -3 ha 1people 1455m1x10L 65
⎜⋅⎟⎜⋅⎟⎟⎜⎜⋅⎟⎟⎜⎜

⎛ 1  

number of people in the subwatershed serviced by OWS, 1,695 ha is the area of the HRU where 

n at the Breckenridge climate station, where precipitation values 
are most representative of the precipitation received where OWS are located along Blue River, is 
1.5 mm. The average value from 1990 to 2002 of precipitation minus runoff and 
evapotranspiration simulated by SWAT for this area (Figure G-5) is 0.32 mm H2O day . At the 
subwatershed scale, OWS input is less than 5% of the recharge due to precipitation. For this 
reason, combined with the fact that SWAT cannot currently simulate a subsurfac
infiltrating wastewater, the effect of infiltrating wastewater in the watershed-scal
was neglected. However, focused application of wastewater is an important mechanism for 
vadose-zone transport of wastewater and wastewater pollutants at the site scale. For watershed 
scale simulations, however, this assumption is considered appropriate.  

manure was applied, and 0.014 mm is the amount of water per day that would need to be applied 
if water from OWS were incorporated into SWAT.  

The average daily precipitatio

-1

e input of 
e simulations 

Simulation Setup 

The final step in model application is setup of the simulation. The input for this part of SWAT 
enables users to define information regarding the channel water-routing method, the method used 
for calculating PET, print-out frequency, and parameters that affect the entire watershed (such as 
snowmelt parameters). The period of simulation is also defined in this final step.  

daym 1 ⎠⎝
mm 4

=⎟⎜⋅
0.01mm 1000 ⎞⎛
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Annual print-out frequency was initially used to assess simulation results, although monthly 
print-out frequency was used in the calibration stage. The variable storage stream-water rou
method was incorporated and is described in more detail in Lemonds (2003). For the initial 
simulation, watershed parameters, including those that affect snowmelt, snow formation, and 
nutrient enrichment, were left unaltered from the default value assig

ting 

ned by SWAT.  

d by 
transpiration from plants. The PET describes how fast water vapor would be lost from a densely 
vegetated plant-soil system if soil water content were continuously maintained at an optimal 
level (Brady and Weil 1999)  

Three methods for calculating PET are available in SWAT. The Penman-Monteith calculates the 

s of 
ll 

Dillon Reservoir watershed, the Hargreaves method was chosen. This is the simplest of the three 
, 

This section describes the calibration approach utilize
Dillon Reservoir watershed and the changes made to initial parameters during calibration. 

ted th
 

n, Santhi et al. 
(2001) write, “It is important to understand that SWAT is not a “parametric model” with a 

tch of simulation results to observed streamflow at several 
gaging stations, a necessity for assessing pollution transport at the watershed scale. This section 
des e the new 
values. A  
to asses  of the phoru hich few 
measured data exist.  

Brady and Weil (1999) define evapotranspiration as the combined loss of water from a given 
area, and during a specified period of time, by evaporation from the soil surface an

most accurate estimates of evapotranspiration when PET is calculated on an hourly basis and 
then summed to attain daily values (Neitsch et al. 2001a). However, using mean daily input 
values for the Penman-Monteith method can create large errors due to diurnal distribution
wind speed, humidity, and net radiation (Neitsch et al. 2001a). The Priestly-Taylor equation wi
underestimate PET in semiarid or arid environments because the advection component of the 
energy balance is significant in these areas (Neitsch et al. 2001a). For the application to the 

methods, but since sub-daily wind, solar radiation, and relative humidity data were not available
it provided the best simulation of PET in the Dillon Reservoir watershed. 

SWAT Calibration to Streamflow  

d for the SWAT model applied to the 

SWAT is based primarily on physical parameters; that is, the parameters that can be measured in 
the field. Several authors have sta at because SWAT uses mostly measured parameters and 
selects input from readily available GIS databases, it does not require arbitrary or tedious
calibration procedures (Arnold et al. 1999; Arnold and Allen 1996; Fontaine et al. 2002; 
Manguerra and Engel 1998; Santhi et al. 2001; Srinivasan et al. 1998). In additio

formal optimization procedure (as part of the calibration process) to fit any data.” Instead, 
variables incorporated in SWAT that are not physically-based, but are based on empirical 
equations from physical data, (such as runoff curve number) may be adjusted. However, 
adjustments may be made to other physically-based input parameters assuming that the 
adjustments remain within the range of measured values of each specific parameter.  

For the application of SWAT to the Dillon Reservoir watershed, parameter adjustment was 
necessary to obtain a reasonable ma

cribes the parameters that were modified and the procedures used to determin
fter calibration to streamflow, the model was used as a base case for a sensitivity study

s the importance  hydrologic and phos s input parameters for w
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Calibration Procedure 

To calibrate the model’s streamflo  measured streamf m two USGS gaging 
stations were used. The stations are located on the Blue River. One is in the town of the Blue 
River near the adwaters, and the ed approximately one-half mile upstream of 
Dillon Reservoir (Figure G-6). The lation was executed for 11 years (1990–2000). 
The first two years were not examined in order to reduce the inaccuracies in preliminary 
calculation of state variables on the arameter values, such as soil water content and 
residue cover as suggested by Fontaine et al. (2002) and Santhi et al. (2001). Streamflow was the 
most important element calibrated because transport of nutrients to Dillon Reservoir 

 
Figure G-6 
Location of the Two USGS Gaging Stations Used in the Streamflow Calibration of the 
Model 

Initial Parameter Adjustments 

As Neitsch et al. (2001b) suggest in the SWAT User’s Manual, annual streamflow (rather than 
daily or monthly) data were analyzed first. The model simulation was conducted using the 
watershed input data described in the Supplemental Information: Theoretical Formulation of 
SWAT section. Visual comparison of annually averaged streamflow data versus simulated values 
revealed an initial under prediction of flow (Figure G-7).  
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Figure G-7 
Annually Averaged Streamflow Data for the Blue iver Just Upstream of Dillon Reservoir 

The ter 
par

Soil properties include: 

• Available water capacity 

• Saturated hydraulic conductivity 

• Soil depth 

• Soil bulk density 

Table G-2 shows the soil properties, groundwater parameters, and runoff curve numbers that are 
employed and the values used in the model. Ultimately, the aforementioned variables were kept 
at their initial values, except for the runoff curve number, which was increased by 8% for each 
land use/soil type. 

 R
Versus Simulated Values 

 runoff curve number, groundwater variables, and soil properties were varied. Groundwa
ameters include:  

• Groundwater revap (water movement from the shallow aquifer to the unsaturated zone) 
coefficient 

• Threshold depth of water in the shallow aquifer for revap to occur 

• Baseflow recession constant 

• Deep aquifer percolation factor 

• Specific yield of the shallow aquifer 

• Groundwater delay time for the shallow aquifer 

• Initial groundwater height 
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In the absence of measured data, the initial values were reasonable and similar to values 
measured by Smith et al. (2002) and values reported by Fetter (1994). The curve number uses 
three hydrologic conditions (good, fair, and poor), and four distinct Hydrologic Soil Groups  
(A, B, C, and D). The majority of soils in the Dillon Reservoir watershed are characterized as 
Hydrologic Soil Group B, and their condition is “good.” Despite altering several of the variables 
that have improved SWAT models in the past (Arnold and Allen 1996; Santhi et al. 2001; 
Srinivasan et al. 1998), the timing and magnitude of flow did not improve. 

Table G-2 
Soil Properties and Groundwater Parameters That Are Used by SWAT 

Parameter Units Parameter Value 

Soil Layer 1 1.42 

Soil Layer 2 1.50 

Soil Layer 3 1.45 
Soil Bulk Densitya g cm-3 

Soil Layer 4 1.50 

Soil Layer 1 30.0 

Soil Layer 2 14.0 

Soil Layer 3 4.10 
Saturated Hydraulic Conductivitya mm hr-1 

Soil Layer 4 28.0 

Soil Layer 1 0.12 

Soil Layer 2 0.09 

Soil Layer 3 0.06 
Available Water Capacitya mm mm-1 

Soil Layer 4 0.04 

Soil Layer 1 406.4 

Soil Layer 2 660.4 

Soil Layer 3 1 4.0 52
Soil

Soil Layer 4 1778.0 

 Deptha mm 

Groundwater “Revap” Coefficient: 
Controls movement of water from shallow 
aquifer up to unsaturated zone 

dimensionless 0.02 

Threshold depth of water in shallow aquifer for 
revap to occur mm 1.0 

Baseflow Recession Constant dimensionless 0.048 
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Table G-2 
Soil Properties and Groundwater Parameters That Are Used by SWAT (Cont.) 

Parameter Units Parameter Value 

Deep Aquifer Percolation Factor: 
Fraction of percolation from the root zone that 

hes the
dimensionless 0.05 

reac  deep aquifer 

Specific Yield of Shallow A rb dimensionless 0.03 quife

Groundwater delay time for shallow aquifer days 31.0 

Initial groundwater heightb m 5 

Runoff curve numberc dimensionless 63–91, depending on  
land use and soil type 

aParameter value extracted from STATSGO Database (USDA-NRCS Soil Survey 2002) 
bParameter value within reasonable range of values in Fetter (1999) or Smith et al. (2002) 
cPar n Ser

Tem

 
p Reservoir w

et AT to the mountainous Wind 

. 

esult depending on the elevation of the gage.  

Ele 72 feet (2,422 m to 4,350 
m). To account for the topographic relief and orographic effects on temperature and precipitation 
in the basin, ele apse rates were incorporated i  Th  
for elevation bands and lapse rates previously existed in SWAT but were not used during initial 
sim add ion, several parameters related to snowmelt and snow forma n
adjusted. These modifications are discussed in the following sections.  

To better represent temperature variations in the watershed due to elevation, a temperature lapse 
rate ntire watershed. The la ean 
annual temperature at seven meteorological stations in the basin. Figure G-8 shows this 

lationship.  

ameter value based on SCS runoff equation (Soil Conservatio vice 1972) 

perature and Precipitation Corrections 

SWAT was originally developed for basins with an agricultural influence. Unlike most study
areas where SWAT has been ap lied, the Dillon atershed is in a mountainous area. 
Similar to the findings of Fontaine  al. (2002), who applied SW
River Basin in Wyoming, SWAT did not initially simulate processes dependent on temperature 
or precipitation accurately in the Dillon Reservoir watershed. Processes that were affected 
include evapotranspiration and precipitation and snowmelt/snow formation processes.  

In initial simulations, SWAT identified the closest defined meteorological station for each 
subwatershed by its proximity to the centroid of the subwatershed. The data, including 
temperature and precipitation, from this station then were assigned throughout the subwatershed
However, this approach was not the most accurate representation of climate conditions in the 
watershed because both temperature and precipitation generally vary with elevation. Under or 
over predictions of streamflow will r

vation in the Dillon Reservoir watershed ranges from 7,947 to 14,2

vation bands and l nto the model. e algorithms

ulations. In it tio  were 

 was applied to the e pse rate is computed by relating elevation to m

re
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Figure G-8 
Dillon Reservoir Watershed Mean Annual Temperature Versus Elevation 

The se rate 
(dT he calculated temperature lapse rate compares favorably to the lapse 
rate of –5 °C /1,000 m that Fontaine et al. (2002) calculated for the Upper Wind River Basin, a 

ch et 
or temperature, 

0.5

nn
ua

1 T
e

2
pe

2.5

3.5

o C
)

 trend line yields a slope of –0.004 °C /m. This translates into an average watershed lap
/dZ) of –4 °C /1,000 m. T

mountainous watershed in Wyoming with elevations ranging from 1,865 to 4,207 meters. 

When a temperature lapse rate is defined in SWAT, subbasin temperatures are adjusted for each 
elevation band in a subbasin as a function of the lapse rate and the difference between elevation 
of the meteorological gaging station and the average elevation specified for the band (Neits
al. 2000a). F

1000
)(,

tlapsELELTT gagebandmxbandmx ⋅−+=  Equation G-4 

 

1000
)(,

tlapsELELTT gagebandmnbandmn ⋅−+=  Equation G-5 

 

1000
)(,

tlapsELELTT gagebandavbandav ⋅−+=  Equation G-6 

where Tmx,band is the maximum daily temperature in the elevation band (°C), Tmn,band is the 
minimum daily temperature in the elevation band (°C), bandavT ,

perature reco
 is the mean daily temperature in 

the elevation band (°C), Tmx is the maximum daily tem rded at the gage (°C), Tmn is 
the minimum daily temperature recorded at the gage, avT  is the mean daily temperature recorded 
at the gage, ELband is the mean elevation in the elevation band (m), ELgage is the elevation at the 
recording gage (m), tlaps is the temperature lapse rate (°C km-1), and 1000 is the factor needed to 
convert meters to kilometers (Neitsch et al. 2000a).  
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Generally, precipitation varies directly with elevation, especially in areas of large topographic
relief that are influenced by orographic effects. For example, Hjermstad (1970) found that 
precipitation at an elevation of 3,200m in Colorado is almost six times the precipitation that 
occurs at the base of the western slopes at 1,750m. A precipitation lapse rate is applied to the 
model to account for the variation in precipitation with elevation.  

The lapse rate for precipitation is determined by relating elevation to mean annual precipitation
at six gages in the basin (Figure G-9). The trend line yields a slope of 0.5 mm/m.  
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d Mean Annual Precipitation Versus Elevation 

Using the methods of Fontaine et al. (2002), the precipitation lapse rate was derived for use in 
e step and defines precipitation events as precipitation 

n a 24-hour period. The lapse rate was calculated by distributing the annual 

Figure G-9 
Dillon Reservoir Watershe

the model. SWAT operates on a daily tim
volume withi
precipitation lapse rate of 0.5 mm/m throughout all of the precipitation events that occurred in 
one year. This method generates an average watershed basin precipitation lapse rate (dP/dZ) of 
+5.0 mm/km derived from information from six available meteorological stations in the basin.  

When a precipitation lapse rate is defined in SWAT, subbasin precipitation values are adjusted 
for each elevation band in a subbasin as a function of the lapse rate and the difference between 
elevation of the meteorological gaging station and the average elevation specified for the band 
(Neitsch et al. 2000a). A linear function is used to model precipitation,  

1000
)( plapsELELRR gagebanddayband ⋅−+=  when Rday > 0.01 Equation G-7 

where bandR  is the precipitation falling in the elevation band (mm H2O), dayR  is the precip
recorded at the gage (mm H2O), bandEL  is the mean elevation in the elevation band (m), gageEL  is 
the elevation at the recording gage (m), plaps  is the precipitation lapse rate (mm H2O/km

itation 

actor needed to convert eters (Neitsch et al
), and 

1000 is the f  meters to kilom . 2000a). 
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Orographic effects are a substantial concern in modeling the Dillon Reservoir watershed bec
elevation in the watershed varies greatly. To address this issue, SWAT allows up to 10 eleva
bands to be defined. For each band, precipitation and maximum and minimum temperature are 
adjusted based on a defined lapse rate and the elevation difference between a meteorological 
station and the average elevation specified for each band (Neitsch et al. 2000a).  

Six elevation bands were defined in the model. Their elevations and the average elevation of 
each band are shown in Table G-3. 

Table G-3 
Elevation Bands Used in the SWAT Model of the Dillon Reservoir Watershed 

Elevation Band Elevation Range (m) Averag

ause 
tion 

e Elevation (m) 

1 2,500–2,800 2,650 

2 2,801–3,100 2,950 

3 3,101–3,400 3,250 

4 3,401–3,700 3,550 

5 3,701–4,000 3,850 

6 4,001–4,400 4,150 

After precipitation and temperature values are redefined for each band based on the lapse rate 
equations above, new average subbasin values must be calculated. For precipitation,  

bnd

b

bnd
bandday frRR ⋅= ∑

=

cipitation adjusted for orographic effects (mm H2O),  is 
the  H2O),  is the fraction of subbasin 
area within the elevation band, and b is the total number of s in the subbasin 
(Neitsch et al. 2000a). For temperature, 

bandmxmx frTT ⋅= ∑

1
 Equation G-8 

where R  is the daily average pre bandR

bndfr
 elevation band

day

precipitation falling in the elevation band bnd (mm

bnd

b

bnd =
,  Equation G-9 

frTT ⋅= ∑
=1

,  G-10 

1

bnd

b

bnd
bandmnmn Equation 

bnd

b

bnd
bandavav TT = ∑ fr⋅

=1
,  uation G-11 Eq
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whe graphic effects (°C),  is the 

daily m nimum temperature adjusted for orographic effects (°C), 

re mxT  is the daily maximum temperature adjusted for oro mnT

i avT  is the daily mean 
temperature adju raphic effects (°C),  
the elevation band bnd ( C),  is the minimum daily temperature in the elevation band bnd 

(°C), 

sted for orog
°

bandmx,  is the mT aximum daily temperature in

bandmnT ,

bandavT ,  is the mean daily temperature in the elevation band r  is t n of 
subbasin area within the elevation band, and b is the total numb n band
s

The improvement in average annual streamflow simulation after the incorporation of the 
elevation bands and lapse rates was considerable (Figure G-10). nthly s  
s for improvement. Not only do the monthly average streamflow 
results show  show seasonal variation of flow, which is 
especially important in the Dillon Reservoir water here sn
watershed hydrologic process.  

 bnd (°C), f bnd he fractio
er of elevatio s in the 

ubbasin.  

 Average mo treamflow
imulation was also examined 

 magnitude of flow, but they also
shed, w owmelt is a governing 
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Note: Initial simulation revealed an under prediction of flow (refer to Fi

Annually Averaged Streamflow Data for the Blue River Just Upstream of Dillon Reservoir 
ration Rate

F amflow results ue River just upstream
Reservoir before and after incorporation of elevation bands. Figure G-11 illustrates that the 
seasonal flow patterns in the SWAT model outcome can be improved. Similar to Fontaine et al. 

e 
rising limb of each yearly hydrograph begins too early. Second, in some years numerous 

 
ed in the next section. 

d

gure G-7). 

Figure G-10 

Versus Simulated Values After Incorpo of Lapse s and Elevation Bands 

igure G-11 shows the monthly stre  for Bl  of Dillon 

(2002) SWAT model applied to the Wind River Basin, several problems are evident. First, th

discharge peaks are present when there should only be one. Third, the recession limb of the 
yearly hydrograph begins too early. Finally, for two to three months of the year, streamflow 
approaches 0.0 m3s-1. These problems may all be attributed to the incorrect simulation of 
snowmelt and other properties of snow in the watershed. To correct these problems, three
parameters in SWAT were adjusted, as describ
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Figure G-11 
Re ue River pstream Di ese

After Incorporation of Elevation Bands 

at simulate snowmelt processes and control the formation of snow were 
te erved st low dat e mete  

include a factor that accounts for snowpack characteristics and two factors that account for the 
melting rate of snow. 

now  a fu  m  d  te tur
pene f air tem u cord

(1976). A lagging factor controls the influence of the previous day’s temperature on the current 
day’s snowpack temperature. The laggin ou o w density, snowpack 
depth, exposure, and other factors affecting snowpack temperature, according to Neitsch et al. 

entatio 2001). The sno ck tem
y:  

on Bands
 

Monthly Streamflow sults for Bl Just U  of llon R rvoir Before and 

Parameters in SWAT th
adjusted to create a bet r match to obs reamf a. Th para rs that were modified

The temperature of the s
preceding days and varies as a dam

pack is nction of the ean aily mpera e during the 
ing to Anderson d function o perat re, ac

g factor acc nts f r sno pack 

(2001a) in the SWAT Theoretical Docum
calculated b

n ( wpa perature is 

snoavo T) l⋅+  snsno (T l−⋅ 1

perature on a given day (° T 1−  is the snowpack 

temperature on the previous day (°C),  is the snow temperature lag factor, and 

Equation G-12 )dn(snowT = )dn(w −1

where )dn(snow  is the snowpack temT C), (snow )dn

snol avT  is the 
mean air temperature on the current day ( , approaches 1.0, the 

e on the current day cr g ea nfluence on the snowpack 
ure, and the snow ature from the previous day exerts les

(Neitsch et al. 2001a). In SWAT, the de s n odel of the Dillon Reservoir 
watershed, the value was adjusted to 0.0 ue ic d  the best fit to observed 

istent with the findings of Fontaine et al. (2002) who observed that values of 
ill range from 0.0 to 0.5 for areas characterized by deep snowpack.  

°C). As the lagging factor, snol

mean air temperatur
temperat

 exerts an in easin ly gr ter i
pack temper s and less influence 

fault value i 1.0. I  the m
35. This val , wh h pro uced

snol  data, is cons
w
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Sno  WAT is calculated as a linear function of the difference between the threshold 
tem

 

wmelt in S
perature for snowmelt and the average snowpack maximum air temperature by: 

⎥⎦
− mlt

xnow T
2

 ⎤
⎢⎣
⎡ +

⋅= s
mltmlt

TT
bO  

where  is the amount of snowme 2O),  is the melt factor for 
the day (mm H2O/day-°C),  is the he U area cov  by snow,  is the 

ure on (°C),  is the maximum air tempera
( C), and  is the base temperature ab nowmelt is allowe °C). The melt factor, 

 (mm H2O/day-°C), is calculated by  

SN ⋅ covsno Equation G-13

mltSNO mltblt on a given day (mm H

covsno fraction of t HR ered snowT
snowpack temperat

°
 a given day mx

ove which s
T ture on a given day 

mltT d (

mltb

( ) ( ) ( )⎟⎜
⎝
⎛ −⋅⋅

−
+= 81

365
2

22
126

n
mltmlt dsin

b
b π    Equation G-14 

where  is the melt factor for June 21 (mm H2O/day-°C), is the melt factor for 
), and dn is the day number of the year. The parameters  and 

 represent maximum and minimum melting values that occur on the summer and winter 
parameters are both  

ation of SWAT to the Dillon Reservoir watershed, these 
.0 for  and 2.0 for .  

h  not changed from their default values in SWAT. The mean air 
ely to be rain as it is to be snow or freezing rain 

hich snow will begin to melt was 
real snow coverage threshold at 100% snow 

ult values in SWAT of 1 mm H2O and 0.5 
mm H2 2 w coverage threshold means that the 

fraction of areal coverage of snow) is 
AT, and the values used in 

the model are shown in Table G-4.  

⎠
⎞+ 126 mlt bb mltb

mlt

6mltb 12mltb
December 21 (mm H2O/day-°C 6mltb

12mlt

solstices, respectively. In the model, default values for these 
b

4.5 mm H2O/day-°C. For the applic
values were adjusted to 3 6mltb 12mltb

Ot er parameters were
temperature at which precipitation is equally lik
was left unchanged at 1.0 °C. Also, the temperature at w
unaltered from the assigned value of 0.5 °C. The a
cover and at 50% were left unadjusted from the defa

O. The default value of 1 mm H O for the areal sno
impact of the areal depletion curve (snow volume versus 
minimal. A summary of the snowmelt parameters incorporated in SW

Table G-4 
Snowmelt/Snow Formation Parameters Used in Model Calibration 

Input Parameters Units Default Value Value Used 

Lag Factor, snol  dimensionless 1.0   0.035 

Maximum melt factor, 6mltb  mm (day-°C)-1 4.5   3.0 

Minimum melt factor, 12mltb  mm (day-°C)-1 4.5   2.0 
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Table G-4 
Snowmelt/Snow Formation Parameters Used in Model Calibration (Cont.) 

Input Parameters Units Default Value Value Used 

Snow/rain threshold °C 1.0   1.0 

Snowpack melt temperature threshold °C 0.5   0.5 

Areal snow coverage threshold mm 1.0   1.0 at 100%  

Areal snow coverage threshold a mm 0.5   0.5 t 50% 

The adjustment of the snowmelt and snow formation parameters made a substantial improvement 
flow. Figu 12 shows simulated streamflow with the m cations 

d snow form ables in SWAT and including the previously 
in the simulation of stream
made to the snowmelt an

re G-
ation vari

odifi

described adjustments to precipitation and temperature.  
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Figure G-12 
Final Monthly Streamflow Results for the Blue River Just Upstream of Dillon Reservoir 
After Model Adjustment 

The four streamflow simulation problem
elevation bands and laps b of each yearly 
hyd ars simulated, there is only one discharge 
peak per year. In 1998 and 1999 small subpeaks are visible; however, these are only minor peaks 
that when averaged with surrounding points do not make a great deal of difference in flow 
simulation.  

s that were apparent after the implementation of 
e rates essentially were resolved. The rising lim

rograph begins at the correct time. In most of the ye
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The recession limb of each yearly hydrog
higher discharge particularly show impro

raph begins at nearly the correct time. The years of 
vement in the timing of the recession limb of the 

in rainfall, soils, and land use, errors in measuring streamflow, and errors caused by 
sam gies are all potential causes of inaccurate observed values (Santhi et al. 2001).  

Sensitivity Study 

 section provides information about the sensitivity study, including 

lts 

Approach 

ydrology in the basin. 
Nut s are dependent upon streamflow, so it was important to have the most accurate 
mo  curve number was increased by 8% from initial values 
input during model development. Due to the mountainous characteristics of the basin, the most 

flow were related to orographic effects and snowmelt. 
ted for the orographic effects in the watershed. Snowmelt 

pt
d 

As just described, SWAT was applied such that it produced an extremely good m
observed streamflow data. This match is a critical first step for a pollutant-transp

 

hydrograph (Figure G-12, months 18, 46, 70, and 92). The only problem that was not completely 
resolved was the streamflow approaching 0.0 m3 s-1 for two to three months of the year. 
However, improvement was made. In the best-fit scenario, monthly streamflow approaches 0.0 
m3 s-1 at least one month of each simulated year. Comparison of Figure G-11 and Figure G-12 
show that the simulated hydrograph was smoothed considerably and better corresponds to the 
observed values of streamflow.  

Statistics show the numeric improvement made in streamflow simulation. The R2 value of 
monthly-averaged streamflow after elevation band and lapse rate implementation was 0.45. After 
modification of the additional snowmelt parameters, the R2 value was increased to 0.70. R2 
values of 0.65 to 0.70 for monthly-averaged streamflow are appropriate considering the 
numerous potential measurement errors in data collection (personal communication, Susan 
Neitsch, Spatial Sciences Laboratory, Texas A&M University 2002). For example, spatial 
variability 

pling strate

This

• Approach 

• Sensitivity study resu

• Model performance 

Streamflow was calibrated to produce a more accurate representation of h
rient loading
del of streamflow possible. The runoff

significant parameters affecting stream
Elevation bands and lapse rates accoun
parameters that were adjusted include a snowmelt lag factor and minimum and maximum 
snowmelt factors. All variables that were adjusted fell within reasonable ranges of acce ed 
values. Final simulation of monthly-averaged streamflow indicated a close match to observe
values with an R2 value of 0.70. 

atch to 
ort model. To 

simulate pollutant transport, it is necessary to know the values for many input parameters that
influence the reaction, transformation, and interphase partitioning of the pollutants.  
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Unfortunately, the available input data on these parameters, as well as all the observed data 
required to calibrate a model, is insufficient in the Dillon Reservoir watershed to develop a 
rigorous calibrated model, which is true in most watersheds. However, a sensitivity study can e 
done to understand the relative importance of these parameters on mod

 b
el output. This study is 

accomplished by varying the input parameters over a reasonable range (based on the literature 
 step 

) 
 lend 

 

For d phosphorus 
concentration data for seven of the ten years were available at the Blue River approximately 
one-half mile upstream from Dillon e location of the measured streamflow 
data presented in the SWAT Calibration to Stre flow section bserved phosp ata 

etrieval (STORET) database (US EPA 2002b) and from data 
 Summit County, Colorado, ls. The first two years were not exam n order 

inary cal n of state varia uch as soil water content and 
residue cover as suggested by Fontaine et al. (2002) and Santhi et al. (2001).  

ummarizes the SWAT variab re tested in the sensitivity analysis
s assigned by SWAT. In the following section, descriptions of those SWAT input 

 to have a 40% change or greater in P loading for the simulated 
hese parameters are P soil partitioning coefficient, P avai y index, 

soil bulk density, initial soluble P soil concentration, and soil organic carbon content. In addition, 
 was not found to 

and common hydrologic knowledge) and evaluating the influence on model output. The next
is to use the parameters that are deemed most important (in terms of the influence on the model
to evaluate the performance of the model in simulating actual data. This exercise can also
insight into designing a data-collection plan that would improve model performance. For this
effort, phosphorus is chosen as an example OWS pollutant. The procedure described herein 
could also be used for other pollutants, although the type and values of fate and transport 
parameters may differ considerably from those for phosphorus. 

 the sensitivity study, modeling was completed for a 10-year period. Observe

 Reservoir (the sam
am ). The o horus d

are from the US EPA Storage and R
collected by officia ined i
to reduce inaccuracies in prelim culatio bles, s

Table G-5 s
initial value

les that we  and the 

parameters that were found
scenarios are discussed. T labilit

the concentration of P in the simulated OWS effluent is discussed; although it
cause a 40% change in P loading.  

Table G-5 
SWAT Parameters Tested in the Sensitivity Study 

Parameter Units Initial Value in SWAT model 

P Soil Partitioning Coefficient m3 Mg-1         175 

P Enrichment Ratio dimensionless Model calculates for  
each storm event 

P Percolation Coefficient m3 Mg-1          10 

P Availability Index dimensionless         0.4 

Residue Decomposition Coefficient dimensionless         0.05 

 

G-32 



 
Watershed Modeling Using BASINS/SWAT 

Table G-5 
SWAT Parameters Tested in the Sensitivity Study (Cont.) 

Parameter Units Initial Value in SWAT model 

Soil Layer 1  1.42 

Soil Layer 2  1.50 

Soil Layer 3  1.45 
Soil Bulk Density g cm-3 

Soil Layer 4  1.50 

Su 4 rface Runoff Lag Coefficient days 

Lateral Flow Travel Time Model calculates d
hydraulic prdays ependent on 

operties 

Initial Resi 0.0 due Cover kg ha-1 

Soil Layer 1  0.87 

Soil Layer 2  0.29 

Soil Layer 3  0.1 
Soil Organic Carbon Content % soil weight 

Soil Layer 4  0.05 

Soil Layer 1  5 

Soil Layer 2  5 

Soil Layer 3  5 
Initial Soluble P Soil Concentration mg P kg soil-1 

Soil Layer 4  5 

P Uptake Distribution nless          20 dimensio

Michaelis-Menton Half-Saturation Cons  L-1         0.025 tant mg P

0.011 kg mineral P 
Concentration of P in OWS Effluent* 

kg P 

kg fertilizer-1 0.005 kg organic P 

*P was applied as manure 10 mm below the soil , as described in th f the SWAT Setup .  

The base-case scenario is composed primarily of initial values generated by SWAT or selected 
AT during m development. Reasonable ranges for several of the 

irkland (2001), Brady and Weil (1999), and the Soil Survey of Summit 

surface e text o  section

from GIS databases by SW
variables were found in K

odel 

County Area, Colorado (1980). Before the sensitivity study, no parameters dealing with 
phosphorus transport and fate were adjusted.  
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Research was completed to ensure that all base-case values fell within reasonable ranges for each 
 variable. Table G-6 summarizes the base-case scenario for the SWAT input parameters tested in

the sensitivity study. 
Table G-6 
Sensitivity Study Base-Case Values, Values Tested, and Justification of Values 

Values Tested 
Parameter Units Base-Case Value 

Min Max 

Justification for 
Range 

P Soil Partitioning 
Coefficient m3 Mg-1 15 2 175 Kirkland (2001) 

P E tio dimensionless each storm event 10-3 5 
Brady and Weil 
(1999); Neitsch et al. 

1a) 
nrichment Ra

(200

Model calculates for 

P P nt 10 m3 Mg-1 13.5 10 17.5 Neitsch et al. (2001a) ercolation Coefficie

P Availability Index dimensionl 0  Neitsch 1a) et al. (200ess 0.4 .01 0.7

Residue Decomposition dimensionless 0.05 0. 0.1 Neitsch et 1a)  al. (20002Coefficient 

Soil Layer 1 1.42 0.8 1.90  

Soil Layer 2 1.50 0.9 2.00  

Soil Layer 3 1.45 0.8 1.95 5
Soil Bulk Density g cm-3 

ayer 4 1.50 0.

Brady and Weil (1999)

Soil L 9 2.00 

Surface Runoff Lag itsch et al. (2001a) Coefficient days 4 1 10 Ne

Lateral Flow Travel Time days dependent on 1 
Model calculates 

hydraulic properties
180 Neitsch et al. (2001a) 

Initial Residue Cover kg ha-1 1.0 10-3 104 Neitsch et al. (2001a) 

Soil Layer 1 0.87 0.5 1.5 

Soil Layer 2 0.29 0.1 0.4 

Soil Layer 3 0.10 0.05 0.2 

Soil Organic Carbon 
Content % soil weight

Brady and Weil 
(1999); Soil Survey of 

Soil Layer 4 0.03 0.05 0.1 

Summit County Area 
(1980) 
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Table G-6 
Sensitivity Study Base-Case Values, Values Tested, and Justification of Values (Cont.) 

Values Tested 
Parameter Units -Case Value 

Min Max 

Justification for Base Range 

Soil Layer 1 5  20 5

Soil Layer 2 5 7  2 

Soil Layer 3 5 2 5 

Initial Soluble P Soil 
Concentration mg P kg soil

Soil Layer 4 5 2 5 

Brady and Weil (1999)-1

P Uptake Distribution dimensionless 20 1 100 Neitsch et al. (2001a) 

Michaelis-Menton Half-
Saturation Constant mg P L-1 0.025 10-3 0.05 Neitsch et al. (2001a) 

Sensitivity Study Results 

 pertain to: 

• 

A summary of sensi results is also prov

Sensitiv rtitioning Coefficient 

The first parameter examined in the study was the P soil partitioning coefficient, kd,surf. The 
par e soil concentration of P to the aqueous concentration of P at 
equilibrium assigned a base-case value of 15 m3Mg-1, which was the median 
valu equency distribution (CFD) compiled by Kirkland (2001). While 
hol t, kd,surf, was varied to determine the sensitivity of the model 
to this variable.  

In an extensive literature review, Kirkland (2001) found from 18 sources that the range of values 
of k 4 to 478 m3Mg-1. For the sensitivity study, the 10th, 50th, and 90th 
percentile values, 2, 15, and 175, respectively, from the CFD were selected (Kirkland 2001). 

Sensitivity study results presented in this section

• P Soil Partitioning Coefficient 

• P Availability Index 

• Soil Bulk Density 

• The Amount of Organic Carbon in the Soil 

• Initial Concentration of Mineral P in the Soil 

Concentration of P in Simulated OWS Effluent 

tivity study ided. 

ity to P Soil Pa

ameter is the ratio of th
. This parameter was 

e based on a cumulative fr
ding all other parameters constan

d,surf varied from 1.
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Tab arizes the average daily mass loading of P by varying values of kd,surf. As 
expected, decreasing kd,surf allowed less P to partition to the soil, which increased P loading. 
However, the increase in sorption of P by increasing kd,surf appears to have a non-linear 
relationship, noting the small difference in average daily loading of P between kd,surf values of 15 
and 175. Figure G-1  sensitivity of P loading with the adjustments made to kd,surf.  

Summary of Average Daily Loading of P by Varying P Soil Partitioning Coefficient, kd,surf. 

Initial Value  
(m3 mg-1) e 1 Case 2 

le G-7 summ

3 shows the
Table G-7 

 Cas

kd,surf 15 2 175  

Ave
(min 28.0 36.4 21.0 rage Daily Loading of P 

eral and organic) (kg) 

N

 

ote: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 
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Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 

Figure G-13 
kd,surf.  Sensitivity to P Soil Partitioning Coefficient, 
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Sensitiv

The effect of the P availability index, pai, on model results was also tested. The pai specifies the 
fraction of fertilize ter a perio t h et 
al. 2001a) (also see Equation G-29 in the Supplemental
SWAT section, which follows the References section in this appendix.). The default value in 
SWAT for pai is 0.40. The user may set the value of pa nside the  to 0  By 
lowering the pai, loading of P increases because the pai
active and stable solution P pools (also see Equation G-17 and Equation G-18 in the 
Supplemental Information: Theoretical Formulation of AT sect llow e 
References section in this appendix). Table G-8 summarizes the average daily mass loading of P 
by varying values of pai, and Figure G-14 shows the sensitivity of th the
djustments made to pai. The increase in P loading sensitivity to pai appears to have a non-linear 
lationship, noting the large difference in average daily loading of P between pai values of 0.4 

and 0.01.  

ity to the P Availability Index 

r P that is in solution af d of rapid reac
 Information: Theoretical Formulation of 

ion with the soil (Neitsc

i i range of 0.01 .7.
 affects the concentration of P in the 

 SW ion, which fo s th

P loading wi  
a
re

Table G-8 
Summary of Average Daily Loading of P by Varying P Availability Index 

 SWAT Initial Value  Case 1 Case 2 

pai 0.40 0.01 0.7 

Average Daily Loading of P 
(mineral and organic) (kg) 28.0 384.1 20.7 

Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 
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pai = 0.01 pai = 0.7 observed  

Note: For the value of pai = 0.01, the peaks were truncated to better show the sensitivity of all pai values tested. 
Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 

Figure G-14 
Sensitivity to P Availability Index, pai 
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Sensitivity to the Soil Bulk Density 

Another factor that was tested in the sensitivity study was the bulk density of the soil, bρ . S
bulk density can significantly affect P transport because of its relation

oil 
ship to the amount of 

soluble P lost in runoff. This is shown in Equation G-15 and can also be defined by the linear 
retardation factor, rf, as 

surf,d
b

f kr
θ
ρ

+=1  Equation G-15 

where bρ  is the bulk density of the soil (Mg m-3), θ  is the volumetric moisture content, and d

is the soil water partitioning coefficient for P (m3 Mg-1) (Fetter 1999). Also, bulk density is a 
factor that af

k  

fects the amount of P moving from the top 10 mm of soil into the first soil layer 
(also see Equation G-41 in the Supplemental Information: Theoretical Formulation of SWAT 

s section in this appendix). In converting input nutrient-
trations to mass units, 

section, which follows the Reference
level concen bρ  is used. The input soil concentration is multiplied by bρ  
and the depth of the soil to calculate the equivalent initial mass of P.  

The value of bρ  may vary from 0.8 to 2.5 g cm-3 in SWAT. Brady and Weil (1999) suggest 
values ranging from 0.8 to 1.2 g cm-3 for loamy A (surface) soil horizons and between 1.9 and 
2.2 g cm-3 for compacted glacial tills, both of which are common in the Dillon Reservoir 
watershed. Table G-9 summarizes the average daily mass loading of P by varying values of bρ . 

-9 shows that a decrease in ρb results in a decrease in P loading to the stream 
and that an increase in ρb (Case 2) results in an increase in P loading to the stream.  
Case 1 in Table G

Table G-9 
Summary of Average Daily Loading of P by Varying the Soil Bulk Density, ρb. 

 SWAT Initial Value
(g cm-3)  Case 1 Case 2 

Soil Layer 1 1.42 0.80 1.90 

Soil Layer 2 1.50 0.90 2.00 

Soil Layer 3 1.45 0.85 1.95 

Soil Layer 4 1.50 0.90 2.00 

Average Daily Loading of P 
(mineral and organic) (kg) 28.0 15.5 33.5 

Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 

Sensitivity to the Amount of Organic Carbon in the Soil 

The amount of soil organic carbon, orgCly, also was tested in the sensitivity study. This variable 
affects SWAT’s calculation of the concentration of humic organic P (also see Equation G-19 and 
Equation G-20 in the Supplemental Information: Theoretical Formulation of SWAT section, 
which follows the References section in this appendix). 
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By increasing the orgCly values, P loading is increased as a result of the relationship defined in 
SWAT that associates carbon levels to organic N levels by the ratio of 14:1 and organic N levels 

Tw
Dil
Sur l 
valu
Rep r 
the 

S
O Carbon Content1

to P levels by the ratio of 8:1.  

o scenarios of orgCly were completed for the sensitivity study. The majority of soils in the 
lon Reservoir watershed are alfisols and inceptisols, with a small portion of mollisols (Soil 
vey of Summit County Area, Colorado 1980). Descriptions of these soil orders and typica
es of organic carbon content in the top 15 cm of each soil order are shown in Table G-10. 
resentative values based on Table G-10 and the default values in the model were chosen fo
scenarios tested. 
Table G-10 
The Dillon Reservoir Watershed Soil Order Descriptions and Typical Values of Organic 
Carbon Content, orgCly, in the Upper 15 cm for Each Soil Order 

oil 
rder Soil Characteristics1 Typical Organic 

Alf ol Illuvial clay assemblage; medium to high supply of bases; typically 
formed under forest vegetation in climates with seasonal moisture deficit 0.5–3.is 8 

Inceptisol Moist; horizons of parent material alteration but not from illuviation; weak 
soil horizon development 0.06–6.0 

Mollisol Nearly black, organic-rich surface horizon; high supply of bases; >50% 
base saturation 0.6–4.0 

1 Ad Weil (1999). 
Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 

Tab of orgCly. 

bon, 

apted from Brady and 

le G-11 summarizes the average daily mass loading of P by varying values 
Table G-11 
Summary of Average Daily Loading of P by Varying the Amount of Soil Organic Car
orgCly 

 SWAT Initial Value
(%soil weight)  Case 1 Case 2 

Soil Layer 1 0.87 1.50 0.50 

Soil Layer 2 0.29 0.40 0.10 

Soil Layer 3 0.10 0.20 0.05 

Soil Layer 4 0.03 0.10 0.05 

Ave
(min

rage Daily Loading of P 
eral and organic) (kg) 28.0 36.0 23.3 

Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 
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Sensitivity to Initial Concentration of Mineral P in the Soil 

Initial solution P concentrations in the soil were examined in the sensitivity study. Th
value in SWAT is to initialize all layers with 5 mg P kg soil-1. The active and stable min

e default 
eral P 

pool values also are dependent on the value of the soluble P concentration. According to Brady 

 
 

f Average Daily Loading of P by Varying the Initial Soluble P Soil 
Concentrations 

and Weil (1999), a reasonable range for organic P is 200 to 350 mg P kg soil-1, and a reasonable 
range for inorganic P is 100 to 650 mg P kg soil-1 for the majority of soils similar to those found
in the Dillon Reservoir watershed. With the value set at 5 mg P kg soil-1, the total inorganic P in
the soil is 150 mg P kg soil-1. When the values for Case 1 (Table G-12) are used, the total 
inorganic P is 278 mg P kg soil-1, and for Case 2, total inorganic P equals 83 mg P kg soil-1. 
Table G-12 summarizes the average daily mass loading of P by varying values of initial soluble 
P concentrations in the soil. As shown in Table G-12, all scenarios provide reasonable ranges of 
mineral and organic P loading, but there is a considerable increase in the loading of P with 
increased initial values of soluble P soil concentrations.  

Table G-12 
Summary o

 SWAT Initial Value
(mg kg-1)  Case 1 Case 2 

Soil Layer 1 5 20 5 

Soil Layer 2 5 7 2 

Soil Layer 3 5 5 2 

Soil Layer 4 5 5 2 

Average Daily Loading of P 
(mineral and organic) (kg) 28.0 81.1 28.0 

Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 

Sensitivity to Concentration of P in Simulated OWS Effluent 

In addition to the SWAT P input parameters that were adjusted in the sensitivity study, the 
concentration of P in the OWS effluent was varied. Kirkland (2001) compiled information from
56 sources describing the concentration of P in OWS effluent and constructed a CFD. From thi
diagram the 10th, 50th, and 90th percenti

 
s 

le values, 2.0 mg P L-1, 10.0 mg P L-1, and 18.8 mg P L-1, 
ied 

 

respectively, were used. Increasing and decreasing the concentration of P in the manure appl
had little effect on P loading, as Table G-13 shows.  
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Table G-13 
Summary of Average Daily Loading of P by Varying the Concentration of P in the OWS 
Effluent 

 50th Percentile 
(mg P L-1) 10th Percentile 90th Percentile 

Concentration of P 10.0 2.0 18.8 

Average Daily Loading of P 28.0 28.007 (mineral and organic) (kg) 27.997 

Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 

Summary of Sensitivity Study Results 

The study that was performed elucidated the relative sensitivity that parameters affecting P 
odel of the Dillon Reservoir watershed. The most 

ters of the 13 tested, in order of greatest sensitivity, are the:  

• P availability index, pai 

• Initial concentration of mineral P in the soil 

• Organic carbon content of the soil, orgCly 

G-6 

le G-14 
Percent Change in P Loading Using Parameter Ranges Shown in Table G-6 and Table G-13 

Percent Change 

transport and fate have on the SWAT m
sensitive parame

• Bulk density of the soil, ρb 

• P soil partitioning coefficient, kd,surf 

Table G-14 shows the percent change in daily P loading using the ranges shown in Table 
and Table G-13 for each of the 13 parameters. 

Tab

Parameter 

P availability index 179.6 

Initial concentration of mineral P in the soil 97.4 

Bulk density of the soil 73.3 

P soil partitioning coefficient 53.7 

Organic carbon content of the soil 42.7 

Plant uptake 28.1 

Initial residue cover 21.3 

P enrichment ratio 20.4 
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Table G-14 
Percent Change in P Loading Using Parameter Ranges Shown in Table G-6 and Tab
(Cont.) 

le G-13 

Parameter Percent Change 

Surface runoff lag time 4.7 

Michaelis-Menton Half saturation constant 3.0 

P percolation coefficient 2.6 

Lateral flow lag time 1.2 

P concentration in OWS effluent 0.036 

Residue decomposition coefficient 0.0 

Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir. 

Model Performance 

After the sensitivity study, parameters were adjusted within their reasonable ranges and a best-fit 

 P 
model to observed values was produced. Table G-15 shows the values of the parameters that 
created the best visual match to the limited observed P data. Figure G-15 shows the observed
values plotted versus the best-fit model.  

Table G-15 
SWAT Parameter Value Changes That Produced the Best-Fit Model to Observed Data 

Parameter, Units Initial SWAT 
Values 

Value of Parameter for 
Best-Fit Model 

P Availability Index, pai, dimensionless 0.4 0.7 

1.42 Soil Layer 1 0.80 

1.50 Soil Layer 2 0.90 

1.45 Soil Layer 3 0.85 
Soil Bulk Density, bρ , g cm-3 

1.50 Soil Layer 4 0.9 

0.87 Soil Layer 1 0.5 

0.29 Soil Layer 2 0.1 

0.10 Soil Layer 3 0.05 

Soil Organic Carbon Content, orgCly,  

0.05 Soil Layer 4 0.05 

% soil weight 
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Table G-15 
SWAT Parameter Value Changes That Produced the Best-Fit Model to Observed Data 
(Cont.) 

Parameter, Units Initial SWAT Value of Parameter for 
Values Best-Fit Model 

5 Soil Layer 1 5 

5 Soil Layer 2 2 

5 Soil Layer 3 2 

Initial Soluble P Soil Concentration,  

5 Soil Layer 4 2 

mg P kg soil-1 
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For the best-fitting model to observed data, as shown in Table G-15, the values of orgCly for each 

mit County Area, Colorado 1980). The values of the initial soluble P 
concentration for each soil layer were decreased slightly because, according to Brady and Weil 
(1999), the reasonable range for inorganic P concentration in soils similar to those found in the 
Dillon Reservoir watershed is 100 to 650 mg P kg soil-1.  

 

Note: Loading is simulated for the Blue River about 0.5 miles upstream of Dillon Reservoir 

Observed P Values and the Best-Fitting Model to Observed P Data Plotted Versus Time 

layer were decreased slightly to better reflect the values reported for the soils in the watershed 
(Soil Survey of Sum
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The bulk density was also decreased somewhat based on information presented by Brady and 
Weil (1999). The P availability index was increased to 0.7, which is the upper limit of the 
parameter’s range in SWAT. The resulting simulation produced P loading values generally 

 evaluate the potential influence of 

 

ter quality at the watershed scale. 
After incorporation of input data from GIS into the model, reasonable values were chosen for 

. 

t (an R2 value of 0.70 for average 
monthly flow). 

ous 
S pollutant input in the Dillon Reservoir 

watershed, a fertilizer operation was defined and developed in SWAT. SWAT allows for several 

r, 
uent 

composition completed by Kirkland (2001), values of the loading rate and nutrient 

d.  

A sensitivity study was conducted on parameters affecting the transport and fate of P. A 

ed for their 

reasonable ranges of published values. Five parameters were found to cause changes of 40% or 

tent, the initial concentration of mineral 
P in the soil, the P soil partitioning coefficient, and the soil bulk density. Some parameters that 

within a factor of 10 of measured data and often within a factor of 2. 

At this stage of the research, the model performs reasonably well given the large number of 
uncertain P transport parameters. The model could be used to
different watershed-scale management practices. However, the model is not recommended for 
detailed planning. The excellent performance of the streamflow model suggests that a better 
model could be developed with more P stream data and more certainty on the value of P input 
parameters. 

Summary and Conclusions 

The SWAT model, one of the four models interfaced through the US EPA’s watershed
management tool BASINS, was applied to the Dillon Reservoir watershed. SWAT incorporates 
physically-based parameters to simulate hydrology and wa

several subsurface hydraulic parameters, for which no appropriate measured data were available
Calibration to nine years of measured streamflow data (1992–2000) resulted in an excellent 
match between measured streamflow data and model outpu

Next, OWS pollutant flow and transport was assessed using SWAT. The nutrient phosphor
was chosen for this implementation. To simulate OW

different management practices within the model, including fertilization, tillage, irrigation, and 
urban processes. Fertilizer was added to HRUs within subwatersheds along the Blue Rive
where the highest densities of OWS are located. From an extensive review of septic tank effl

concentrations were compiled. Then, calculations to determine the amount of fertilizer to be 
added to each HRU were completed based on the chemical composition of the fertilizer applie

sensitivity study was performed because there were insufficient measured data for the many P 
transport and fate parameters required by SWAT. Fourteen input parameters were test
influence on the model results. To ensure model accuracy, parameters were tested within 

greater in simulated results of P loading to the Blue River (about 0.5 miles upstream of Dillon 
Reservoir), one of three major tributaries of Dillon Reservoir. Parameters sensitive to variation 
were the P availability index, the soil organic carbon con

were not sensitive to modifications included the P percolation coefficient, the concentration of P 
in simulated OWS effluent, and lateral flow lag time.  
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Based on the results of the modeling effort, the following conclusions were made:  

• SWAT accurately simulated the watershed hydrologic processes using public data that can 
ted 
lt 

curve number. 
The orographic and snowmelt factors are particularly significant in the Dillon Reservoir 

 
it of 

heds, 
adjustments made to account for the effects of topography and snowmelt in the alpine 

• To achieve the best-fit pollutant transport model, several model input parameters were 

g values within 
a factor of 10 and usually within a factor of 2 of measured P mass loadings. Initially, the 

longer 
tand the influence of these processes over a time frame 

of many decades. 

rs 
mation on the actual values and variability of 

pollutant-transport input variables is necessary. This option is feasible, considering that most 

oir 
watershed. However, whether or not additional measurement would benefit these particular 

hed, 

al. In such cases, sensitivity studies that use the reasonable range of parameters to 
assess a range in possible model outcomes still can be useful and may be the only option. 

, 
 management 

 in 

easily be incorporated using the SWAT ArcView interface or BASINS. Variables associa
with elevation-dependent temperature and precipitation (orographic) effects and snowme
were adjusted to achieve this result, along with an 8% increase in the runoff 

watershed, where the elevation varies approximately 2,000 m. Because pollutant transport to
Dillon Reservoir depends largely on an accurate simulation of streamflow, a precise f
streamflow results to observed values was imperative.  

• SWAT can be modified to simulate a mountainous watershed. Although the model was 
originally created to predict chemical yields in agriculture-dominated waters

watershed resulted in a model that can accurately simulate streamflow hydrographs of the 
watershed.  

adjusted (initial soluble P concentration in the soil, soil bulk density, soil organic carbon 
content, and P availability index). The resulting simulation produced P loadin

model over predicted soil P loading. Therefore, the changes reflect that soil-retention 
processes effectively attenuate P from OWS prior to reaching the streams. However, 
simulations may be required to unders

• The uncertainty associated with the assignment of some chemical and hydrologic paramete
indicates that additional infor

of the parameters containing approximated values (soil organic carbon content, P 
soil-partitioning coefficient, mineral P concentration in the soil, and soil bulk density) may 
be quantified with additional collection and analysis of field data from the Dillon Reserv

simulations is not clear. For example, if parameter values varied greatly over the waters
collecting enough measurements to obtain accurate values of input parameters might be 
impractic

• Despite the uncertainties related to model inputs, the model performs reasonably well. Thus
the model could be used to evaluate the effects of various watershed-scale
options related to OWS (such as the effects of population growth or the influence of 
implementing advanced-treatment systems for septic tank effluent). However, the model is 
not recommended for making detailed decisions related to regulation of P concentrations
streams in the watershed.  
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Recommendations for future work include improvement of variable certainty with field 
measurement of chemical and hydrologic SWAT parameters, simulation of increased densi
OWS in the watershed due to development, and comparison of SWAT with another 
watershed-scale water qualit

ties of 

y model that is applied to the Dillon Reservoir watershed. 

s. These measurements are viable from two perspectives. First, 
the measurement of these parameters is relatively inexpensive and, second, the laboratory 

t 
n the Approach section). Therefore, additional measurement of parameters is not 

necessarily desirable. More research in this area is recommended. Rather, a better understanding 
 

d 

ddition, measurement of the P enrichment ratio requires meticulous research of the 
soils and laboratory procedures. These variables are of substantial importance to model results; 

accurate spatially dependent values for these 
parameters in the watershed is not feasible. Consequently, these parameters will likely remain as 

Another source of soil parameter data is the Soil Survey of Summit County Area, Colorado 
clay 

re 
 

SSURGO database provides more detailed information than the STATSGO database, which is 

ata 
from the SSURGO database where it is available in the Dillon Reservoir watershed into the 

 

Finally, continued measurement of surface-water quality data and groundwater data will be 
he 

97. In the 
ted 

by Smith et al. (2002) can be used to improve model simulations. However, a continued 
monitoring program would be necessary to develop truly reliable pollutant-transport models.  

Four of the most sensitive parameters, the initial concentration of mineral P in the soil, the initial 
soil organic carbon content, the P soil-partitioning coefficient, and the soil bulk density can be 
measured from soil core sample

procedures required for measurement of the parameters is reasonably straightforward. However, 
while measurements may be relatively easy to obtain, they may have little effect on model outpu
(as described i

of the range and variability of parameter values in the watershed, and the effect on model output
and management-practice implementation could be obtained with limited additional 
measurement. 

The P availability index, the parameter that affects P loading the most, can also be measure
from soil core samples. However, the procedures for measuring the P availability index as 
described by Sharpley et al. (1984) are extremely detailed and can take more than six months to 
complete. In a

thus, an effort should be made to obtain narrower reasonable ranges for the variables in the 
Dillon Reservoir watershed. However, obtaining 

fitting parameters in a rigorous model-calibration effort.  

(1980). Information that can be obtained from the soil survey includes soil bulk density, 
content, hydrologic soil group, available water capacity, and grain particle size. Soil surveys a
available in digital format as the Soil Survey Geographic (SSURGO) Data Base (1995). The

incorporated into SWAT. According to the SSURGO Data Use Information Manual, SSURGO 
was developed for use at the county, parish, and township level. The SSURGO database is not 
available for the entire portion of Summit County; however, a GIS expert could incorporate d

SWAT model. The current model interfaces included in SWAT and BASINS do not allow for
ready incorporation of SSURGO data. 

critical for developing rigorous calibration of watershed-scale pollutant-transport models. T
current water quality data for most OWS pollutants is sparse or nonexistent after 19
near term, surface-water quality data collected by Guelfo (2003) and groundwater data collec
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Development in the Dillon Reservoir watershed is a certainty. From 1970 to 1980, Summit 
County, Colorado, which encompasses the entire watershed, had the fastest growing population 
in the US with a growth rate of 232%. From 1980 to 1990 the growth rate was 45.6% (Summit 
County 2002). Due to the heavy emphasis on tourism in the watershed, population will continu
to increase. When populatio

e 
n increases, the number of OWS will also rise. Therefore, the model 

 model 
n growth 

hed 
e limitation of applying OWS 

ns.” In: Soil and Water Assessment Tool Theoretical 
Documentation, Version 2000. S. L. Neitsch, J. G. Arnold, J. R. Kiniry, and J. R. Williams. 

nspiration.” In: Soil and Water Assessment Tool Theoretical Documentation, Version 
2000. S. L. Neitsch, J. G. Arnold, J. R. Kiniry, and J. R. Williams. 

Anderson, E. A. 1976. “A Point Energy and Mass Balance Model of Snow Cover.” In: 

 

low 

Arnold, J. G. and J. R. Williams. 1994. SWRRB – A Watershed Scale Model for Soil and Water 

earch Laboratory, Temple, TX. 

must be able to simulate these changes. With the present formulation of OWS input, the
can accommodate these changes; however, information regarding more recent populatio
rates and the number of OWS installed per year in the watershed should be collected. Then, 
supplementary scenarios with the SWAT model can be created. 

The SWAT model is capable of accurately simulating OWS-pollutant transport at the waters
scale. However, as described in the SWAT Setup section, th
nutrients as fertilizer has serious restrictions. Modification of SWAT to allow injection of 
wastewater of a specified quality in the subsurface soil layers would significantly reduce the 
number of assumptions and uncertainty associated with OWS application. 
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Supplemental Information: Theoretical Formulation of SWAT 

This section describes the theoretical formulation of SWAT, while Appendix A in Lemonds, 
2003 provides further details related to the theoretical concepts in SWAT. 

SWAT is a watershed-scale model developed by the USDA, ARS to predict the impact of 
management practices on water, sediment, and agricultural chemical yields in watersheds that 

. 
 is, i sing regression 

equations, SWAT utilizes theory-based hydrologic and climate equations. Data from the 
watershed are used as input to these equations (Neitsch et al. 2001a).  

SWAT simulates water movement, sediment movement, crop growth, and nutrient cycling 
(Neitsch et al. 2001a). Other important attributes of SWAT include its: 

cy that enables complex watersheds to be modeled in a 
straightforward manner 

 impacts of pollutant buildup and downstream impact.  

SWAT was developed from the Simulator for Water Resources in Rural Basins (SWRRB) model 
illiams et al. 1985; Arnold et al. 1990). Other models important in the creation o

clude Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS) 
(Knisel 1980), Groundwater Loading Effects on Agricultural Management Systems (GLEAMS) 

rd et .  

 many different physical processes. In preparation for modeling a watershed, 
 into subwatersheds. Subwatersheds are valuable if land uses and soils vary 

 HRUs 

• Ponds/wetlands 

• Groundwater 

• Main stream reaches that drain the subwatershed 

possess different soils, land uses, and management conditions over long durations (Neitsch et al
2001a). SWAT primarily uses physically-based data; that nstead of u

• Computational efficien

• Incorporation of easily accessible data from government agencies, which is available for 
most watersheds 

• Ability to simulate long-term

(W f SWAT 
in

(Leona  al. 1987), and Erosion-Productivity Impact Calculator (EPIC) (Williams et al. 1984)

Model Formulation for Hydrology 

SWAT can simulate
the basin is divided
greatly and impact hydrology in different ways and to simulate minor tributaries to the main 
river in the watershed. Data for each subwatershed are grouped into the following types  
(Neitsch et al. 2001a):  

• Climate 

•
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SWAT lations are based on water balance in the subwatersheds, the entire waters nd 
the two major parts of the hydrologic cycle, the land phase and the water routing phase. To 
simulate the hydrologic cycle, SWAT uses the following water balance equation for a specified 
spatial region: 

 (∑

simu hed, a

)
=

 ion G-16 

t on day i 

Soil storage 

 Streamflow 

 aqu

• 

−−−−+=
t

i
seepasurfdayt QwEQRSWSW

1
0 Equat

where SWt is the final soil water content (mm H2O), SW0 is the initial soil water conten

gw

(mm H2O), t is the time (days), Rday is the amount of precipitation on day i (mm H2O), Qsurf is 
the amount of surface runoff on day i (mm H2O), Ea is the amount of evapotranspiration on day i 
(mm H2O), wseep is the amount of water entering the vadose zone from the soil profile on day i 
(mm H2O), and Qgw is the amount of return flow on day i (mm H2O). Return flow is the water 
that is lost from the shallow aquifer to the stream.  

Figure G-16 summarizes the physical processes in the hydrologic cycle that SWAT is able to 
simulate. The major groupings are: 

• 

•

• Shallow ifer 

• Deep aquifer 

• Pond/reservoir water balance 

• Surface runoff 

Precipitation 

Precipitation provides input of water into the model, and streamflow out of the watershed, 
evapotranspiration, and losses to the deep aquifer provide the means for water to leave the 
watershed.  
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Source: Neitsch et al. 2001a 

Figure G-16 
Schematic Diagram Showing the Physical Processes in the Hydrologic Cycle That SWAT 
Can Simulate 

Land Phase of the Hydrologic Cycle 

Information needed for the land phase of the hydrologic cycle include:  

• Climate • Nutrients 

• Hydrology • Pesticides 

• Land cover and plant growth • Land management 

• Erosion  
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The climate inputs provide the moisture and
information that SWAT requires includes da

 energy to the simulated watershed. The climate 
ily precipitation, maximum and minimum air 

r 

 
il 

 
milar properties related to its structure and water-holding 

 

AT, ponds and reservoirs are distinctly different. Ponds act as holding structures for 
hich means they never receive 

ay be read from an input file or generated by the model. However, 
i ation be used in the model whenever 

d accuracy in SWAT’s ability to simulate streamflow hydrographs 
ation is provided. Although measured precipitation data is better than 

ed information, uncertainties still exist. Neitsch et al. (2001a) discuss the 
ata.  

ents of precipitation may only catch a fraction of the total precipitation due to 

 combined loss of water from a given 

temperature, solar radiation, wind speed, and relative humidity (Neitsch et al. 2001a). Values fo
these variables may be derived from observed data or can be generated using a weather 
generator, an option in SWAT. The WXGEN weather generator (Sharpley and Williams 1990) is
incorporated into SWAT. SWAT calculates snow cover based on average-daily temperature. So
temperature is calculated at the soil surface and at the center of each soil layer. A soil layer is a
specific stratum of soil that has si
capacity. SWAT can simulate up to ten soil layers. In addition to the soil layers, SWAT also 
simulates shallow aquifer and deep aquifer systems. 

SWAT simulates the hydrology of the watershed using several different physical processes. 
Canopy storage accounts for the water that is intercepted by vegetation and is subsequently 
evaporated. SWAT’s hydrologic algorithms also simulate infiltration and redistribution. 
Infiltration is the entry of water into the soil, and redistribution is the movement of water through 
the soil profile after the precipitation event has ended (Neitsch et al. 2001a).  

Evapotranspiration includes evaporation from rivers and lakes, bare soil, vegetative surfaces,
transpiration by plants, and sublimation of snow and ice (Neitsch et al. 2001a). SWAT uses 
rainfall amounts to calculate surface runoff volume, infiltration, and peak runoff rate for each 
HRU. In SW
runoff and are assumed to be located off the main channel, w
water from upstream subwatersheds (Neitsch et al. 2001a).  

In SWAT precipitation data m
Ne tsch et al. (2001a) suggest that measured precipit
available due to the increase
when observed inform
randomly generat
inherent variability of using observed d

Gage measurem
wind eddies caused by the gage. Larson and Peck (1974) relate that deficits of 10% for rain and 
30% for snow are typical discrepancies for gages that protrude above the ground surface and are 
not specifically designed to shield against the effects of wind.  

Brady and Weil (1999) define evapotranspiration as the
area, and during a specified period of time, by evaporation from the soil surface and by 
transpiration from plants. The potential evapotranspiration rate (PET) describes how fast water 
vapor would be lost from a densely vegetated plant-soil system if soil water content were 
continuously maintained at an optimal level (Brady and Weil 1999).  
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In SWAT there are three options for estimating PET: the Penman-Monteith method (Monteith 
1965; Allen 1986; Allen et al. 1989), the Priestly-Taylor method (Priestly and Taylor 1972), 
the Hargreaves method (Hargreaves et al. 1985). In addition, SWAT can also read daily
values if another method is preferred or measurements are available. Table G-16 shows the data 
requireme

and 
 PET 

nts of the three PET methods.  
Table G-16 

puting PET 

ation 

Data Requirements of the Three Methods Available in SWAT for Com

 Air 
Temperature Wind Speed Relative 

Humidity Solar Radi

Penman-Monteith X X X  X 

Priestly-Taylor X X X   

Hargreaves X    

The original Hargreaves method was developed from a study of cool-season Alta fescue grass 
lysimeter data from Davis, California (Hargreaves and Samani 1982). Hargreaves and Samani 
(1985) then improved the equation. This form of the Hargreaves method (Hargreaves and 
Samani 1985) is employed in SWAT as 

 )8.17()(0023.0 5.0 +⋅−⋅⋅= avmnmxoo TTTHEλ  Equation G

where λ is the latent heat of vaporization (MJ kg-1), Eo is the pot
-1 -2 -1

-17 

ential evapotranspiration  
(mm d ), Ho is the extraterrestrial radiation (MJ m  d ), Tmx is the maximum air temperature for 
a given day (°C), Tmn is the minimum air temperature for a given day (°C), and avT  is the mean 
air temperature for a given day (°C). 

Up to ten soil layers may be simulated by SWAT. Soil parameters used in the calculation of 
percolation through the soil include the bulk density of the soil, the percent clay content of the 
soil, saturated hydraulic conductivity, and the available water capacity. Available water capacity 
is the water available for plant extraction and is the difference between field capacity and the 
permanent wilting point. Field capacity is the amount of water held in the soil at a tension of 
0.033 MPa and usually represents the soil water remaining after allowing a thoroughly wetted 
soil to drain for about two days (Neitsch et al. 2001a). The permanent wilting point is the amount 
of water held in the soil at a tension of 1.5 MPa and typically is the soil water content when 
plants growing in the soil wilt and do not recover if their leaves are kept in a humid atmosphere 
overnight (Neitsch et al. 2001a).  
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Saturated and unsaturated flow in the soil are simulated by SWAT. For saturated soils, flow is 
gravity driven and primarily occurs in the downward direction (Neitsch et al. 2001). This 
movement is characterized with a storage routing method by 

 ⎟
⎟
⎠⎝ ⎦⎣ perc

where wperc,ly is the amount of water percolating to the underlying soil layer on a given day (mm
H O), SWly,excess is the drainable volume of water in the soil layer on a given day (mm H O), 

⎞⎛ ⎤⎡
= lylyperc SWw , ⎜

⎜
⎥
⎥

⎢
⎢

∆−
−⋅excess TT

texp1,  Equation G-18 

 
2 2 t∆  

is the length of the time step (hrs), and TTperc is the travel time for percolation (hrs). The travel 
me for percolation is defined by  ti

 
sat

lyly
perc K

T =  Equation G

where TTperc is the travel time for percolation (hrs), SATly is the amount of water in the soil layer 
when completely saturated (mm H2

FCSAT
T

−
-19 

O), FCly is the water content of the soil layer at field capacity 
(mm H2O), and Ksat is the saturated hydraulic conductivity for the layer (mm hr-1). When the soil 

tent of a soil layer exceeds field capacity, saturated flow occurs.  

Unsaturated flow in the soil may take place in any direction due to gradients occurring between 

ation.  

tion 
S) Curve Number method (Soil Conservation Service 1972) and the Green-Ampt 

Mein-Larson method (Green and Ampt 1911; Mein and Larson 1973). The SCS Curve Number 
ethod is an empirical model based on rainfall-runoff relationships. The equation i

eability, land use, and antecedent soil water conditions (Neitsch et

 

water con

high and low water contents. Unsaturated flow is indirectly modeled as a function of the depth 
distribution of plant water uptake and the depth distribution of soil water evapor

Two options for simulating infiltration and runoff are available in SWAT: the Soil Conserva
Service (SC

m s a function 
of the soil’s perm  al. 2001). 
The SCS curve number equation is  

( )
( )SIR

IR aday − 2

Qsurf +−
=  Equation G-20 

 is the rainfall depth for 
e day (mm H2O),  is the initial abstractions, which includes surface storage, canopy 

rception, and infiltration prior to runoff ( 2O), and  is the retention parameter (mm 

aday

where Q  is the accumulated runoff or rainfall excess (mm H2O), Rsurf day

th
inte mm H

aI
S

H2O).  
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The retention p  is a function of the spatial variability of soils, land uses, manageme
practices, and slope, and it changes thr
retention parameter, S, is defined by  

arameter nt 
ough time as a function of soil water content. The 

⎟
⎠
⎞

⎜
⎝
⎛ −= 1010004.25

CN
S   Equation G-21 

where CN he curve number for the day. The initial abstraction is t s, Ia, are commonly estimated 
as 0.2S so that the accumulated runoff or rainfall excess, , equals  surf

 
( )

Q

( )SR
SR 2.0 2−

Q
day

day
surf 8.0+

= . Equation G-22 

Runoff will occur only if  > Ia. 

The other infiltration/runoff method incorporated into SWAT is the Green-Ampt Mein-Larson 

rate 

dayR

(Green and Ampt 1911; Mein and Larson 1973) excess rainfall method to determine infiltration. 
This method requires sub-daily precipitation data provided by the user. The infiltration 
equation for this method is 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ∆⋅Ψ
+⋅=

t

vwf
et F

Kf
inf,

inf, 1
θ

  Equation G-23 

where  tf inf,  is the infiltration rate at time t (mm hr-1), eK  is the effective hydraulic conductivity
(mm hr-1), wfΨ  is the wetting front matric potential (mm), vθ∆  is the change in volumetric 
moisture content across the wetting front (mm mm-1) and tFinf,  is the cumulative infiltratio
time t (m  H2O).  

n at 

SW p aquifer. The unconfined, shallow 
aquifer contributes flow to the stream reach in each subwatershed. The deep aquifer is confined 
and transports water to regional aquifers outside of the watershed (Neitsch et al. 2001a). The 
water balance for the shallow aquifer is 

 

m

AT simulates two aquifers: a shallow aquifer and a dee

shpumpdeeprevapgwrchrgishish wwwQwaqaq ,1,, −−−−+= −  Equation G-24 

G-61 



 
Watershed Modeling Using BASINS/SWAT 

where aq  is the amount of water storedish,  in the shallow aquifer on day i (mm H2O),  is 

 i (mm O), and  is the 
amount of water removed from the shallow aquif ping on day i (mm H2O).  

ater that percolates through the vadose zone becomes shallow uifer recharge. T
unconfined aquifer contributes base flow to the main stream within each subwatershed only if the 

he SW
or this movement is “revap.” 

Percolation to the deep aquifer occurs only if a user-specified threshold value is exceeded 
eitsch et al 2001a).  

The water balance for the deep aquifer is  

1, −ishaq
the amount of water stored in the shallow aquifer on day i-1 (mm H2O), rchrgw  is the amount of 
recharge entering the aquifer on day i (mm H2O), gwQ  is the groundwater flow, or base flow, 
into the main channel on day i (mm H2O), revapw  is the amount of water moving into the soil 
zone in response to water deficiencies on day i (mm H2O), deepw  is the amount of water 
percolating from the shallow aquifer into the deep aquifer on day  H2 shpumpw ,

er by pum

W aq he shallow, 

amount of water stored in the shallow aquifer surpasses a threshold value specified by the user. 
Water also may move from the shallow aquifer into the soil profile. In t AT Theoretical 
Documentation Manual (Neitsch et al. 2001a), the term f

(N

 dppumpdeepidpidp wwaqaq ,1,, −+= −  Equation G-25 

where  is the amount of water stored in the deep aquifer on day i (mm H2O),  is the 
 

, s the 
amount of water removed from the deep aquifer by pumping on day m H2O). 

If the deep aquifer is the source of pumping for irrigation or for consumptive use, then the model 
will allow the total volume of water in the deep aquifer to be removed on a given day. Water that 

lost 

 updated

n at

One plant gr
Sep ible, as is the assessment of water and 
nutrient removal from the root zone, transpiration, and biomass production. Annual plants grow 
from the date of planting to the date of harvest or unti ccumulated heat units equal 
potential heat units for the plant (Neitsch 

idpaq , 1, −idpaq
amount of water stored in the deep aquifer on day i -1 (mm H2O), deepw  is the amount of water
percolating from the shallow aquifer into the deep aquifer on day i (mm H2O), and w  i

i
dppump

 (m

enters the deep aquifer is not considered in further water budget calculations and is considered 
from the watershed system (Neitsch et al. 2001a).  

The current version of SWAT does not print groundwater table heights to an output file, but the 
value is  daily by the model (Neitsch et al. 2001a). In addition, while chemical 
constituents may be transported to and through the groundwater, SWAT cannot track chemical 
mass in the groundwater nor does it provide conce tr ion information in an output file.  

owth model is used to simulate every type of plant and land cover in SWAT. 
aration between perennial and annual plants is poss

l the total a
et al. 2001a).  
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The heat unit theory (Boswell 1926; Magoon and Culpepper 1932) is based on the concept that 
e 

 

) to 
hile 
h et 

efits of using the amount of runoff instead of rainfall include increased prediction 
ccuracy, elimination of a delivery ratio, and ability to calculate single-storm sedim

eitsch et al. 2001a). The hydrology model provides the amount of runoff, which 
the MUSLE evaluation.  

 with SW

ay contain nitrate as 
g function developed by 

et al. (1976) and modified by Williams and Hann (1978) to include applications of 
dividual runoff events. The loading funct n estimates daily organic N runoff los

organic N concentration in the uppermost layer of soil, the sediment yield, and the enrichment 
ratio, which is the concentration of organic N in the sediment divided by the concentration in the 
soil (Neitsch et al. 2001a).  

Plant growth algorithms in SWAT are incorporated to simulate the uptake of P by plants. Similar 
to the nitrogen processes, soluble P and organic P may be removed from the soil by water 

n. 
moved with runoff is calculated using solution P concentration in the top 10 mm of 

soil, the runoff volume, and a soil-partitioning factor (Neitsch et al. 2001a).  

SWAT is capable of predicting several different agriculture-related processes and different land 
men lud

nag
unts 

n of ere a

rs, reaches, and subwatersheds, and model the export of water 
from the watershed. While SWAT does not allow for OWS inputs directly, OWS are simulated 
in the application to the Dillon Reservoir, as is described in the Simulation Results section 
located in Chapter 4, Biozone Algorithm.  

plants have heat requirements that must be met for the plant to reach maturity. Perennials liv
continuously, becoming dormant in the winter. Growth of perennials occurs during periods when
the average daily temperature exceeds the base temperature that is specified by the user.  

SWAT incorporates the Modified Universal Soil Loss Equation (MUSLE) (Williams 1975
simulate erosion and sediment yield in each HRU. The MUSLE uses the amount of runoff, w
the Universal Soil Loss Equation (USLE) uses rainfall as an erosive energy indicator (Neitsc
al. 2001a). Ben
a ent yields 
(N is needed for 

Nutrient processes may be simulated AT. SWAT uses the basic nitrogen cycle to 
simulate the transformation of nitrogen. Plant use of nitrogen is approximated using the plant 
growth algorithms in SWAT. Removal of nitrate and organic N by water flow serves as a means 
of removing nitrogen from the soil. Runoff, lateral flow, and percolation m
well. Transport of organic N with sediment is simulated using a loadin
McElroy 
in io s based on the 

movement. Sediment transport of P is estimated with the McElroy et al. (1976) loading functio
Soluble P re

manage t practices. Fertilization of crops inc ing application of N and P, irrigation 
applications, tillage operations, and crop and ma ement rotations can all be simulated with 
SWAT. One of these practices acco for the application, movement, degradation, and 
adsorptio pesticides. The algorithms for pesticide transport and fate w dapted from 
GLEAMS (Leonard et al. 1987). In addition to irrigation practices, SWAT can model the 
transfer of water between reservoi

G-63 



 
Watershed Modeling Using BASINS/SWAT 

Routing Phase of the Hydrologic Cycle 

A
ro g 

fter the land-phase processes have been modeled, the loadings that SWAT has calculated are 
uted through the stream network. Usin a command structure similar to the hydrologic model 

HYMO (Williams and Hann 1973), SWAT determines mass flow and fate of chemicals in the 
stream and streambed. The routing processes may be split into two types: routing in the main 
hannel and routing in the lake.  

Four components help route streams through the main channel: flood, sediment, nutrient, and 
ater evaporation, transmission through the channel 

bed, and water removal for irrigation or human use are modeled. Flow can be increased with 
poin

train settled 
material and cause streambed degradation. Stream routing parameters such as Manning’s “n” 
coe
may be adjusted. Nutrient routing equations we
1987). SW phase and those adsorbed to bed sediment. 
Pesticid ns are controlled by first-order decay relationships. Settling, burial, 
resuspension, volatilizatio de 
equations. 

up of the following components:  

 

easure of the lake’s trophic status (Neitsch et al. 2001a).  

c

channel pesticide routing. In flood routing, w

direct precipitation onto the channel or through the addition of t-source discharges. Sediment 
transport is controlled by peak channel velocity. Excess stream energy can reen

fficient for overland flow and streamflow, slope steepness, channel width, and channel depth 
re adapted from QUAL2E (Brown and Barnwell 

AT can track nutrients in the aqueous 
e transformatio

n, diffusion, and transformation are modeled by the channel pestici

Reservoir routing is made 

• Inflow 

• Outflow 

• Rainfall on the surface 

• Evaporation 

• Seepage from the reservoir bottom 

• Diversions 

Three options exist for outflow from the reservoir. One is user-specified outflow. The second is 
designed predominantly for small, uncontrolled reservoirs and calls for a specific water release 
rate. The third is intended for managed reservoirs and requires the user to specify a monthly 
target volume for the reservoir (Neitsch et al. 2001a).  

Inflow of sediment may be derived from streams or direct flow into the reservoir from the 
subwatershed. Sediment settling is controlled by equilibrium sediment concentration, and median
particle size. The volume of outflow and the suspended sediment concentration at the time of 
outflow directs the amount of sediment exiting the reservoir as outflow.  

Chapra’s (1997) nitrogen and phosphorus mass balance model is used to simulate reservoir 
nutrients. The model assumes that the reservoir is well mixed (no stratification), P is the limiting 
nutrient, and total P is a m
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The e is dominated by nonpoint sources, and the 
third assum ass. Chapra’s 
(1997) sed to simula s in the reservoir. One pesticide may be 
partition d and partic  in the water and sediment layers (Neitsch et al. 
2001

mulation for Phosphorus Transport and Fate  

• Stable organic P • Active inorganic P 

 Fresh organic P • Solution inorganic P 

 
h 

to t

he 

 second assumption is usually valid when the lak
ption indicates that there is a relationship between total P and biom

model is also u
ed into dissolve

te pesticide
ulate phases

a).  

Model For

SWAT simulates six different forms of phosphorus in the soil (Neitsch et al. 2001a): 

• Active organic P • Stable inorganic P 

•

In SWAT the term “stable” means that these forms of P move slowly to the labile form, and the 
term “active” means that these forms of P move quickly to the labile form of P, where labile P is
the P available for plant uptake (personal communication, Jeff Arnold, Agricultural Researc
Service 2002). The SWAT Theoretical Documentation Manual (Neitsch et al. 2001a) refers to the 
six forms of P as “pools” and inorganic P as “mineral P;” therefore, this appendix will also refer 

hese constituents as “pools” and “mineral P,” respectively, from this point forward.  

Figure G-17 shows the relationship between the P pools simulated in SWAT. To simplify t
description of the model formulation for P in this section, a table of the SWAT input variables 
and a short description of the variable follows each subsection. 

 

 
Note: See Lemonds 2003 for reference to equations. Source: Neitsch et al. 2001a. 

Figure G-17 
SWAT Soil Phosphorus Forms (Pools) and the Processes That Contribute to the 
Movement and Fate of Phosphorus 

G-65 



 
Watershed Modeling Using BASINS/SWAT 

Initialization of Soil Phosphorus Levels 

Users may define the amou f solution inorgant o nic P and the total amount of active and stable 
organic P in the soil layers. An assumption in SWAT is that only inorganic P may occur in a 

luble form. If the user chooses not to define specific values for these parameters, SW
itialize values as follows.  

–1 

in

so AT will 
in

The concentration of solution inorganic P in all soil layers is assigned a value of 5 mg (kg soil)
initially, which is representative of unmanaged land under native vegetation (Neitsch et al. 
2001a). The concentration of P in the active m eral pool as defined by Jones et al. (1984) is  

 
pai

paiPPmin solly,act ly,ution
−

⋅=
1  Equation G-

where ly,actPmin  is the concentration of P in the active mineral pool in soil layer ly (mg kg

ly,solutionP  is the concentration of P in solution in soil layer ly (mg kg-1), and pai is the P

26 

-1), 
 

pai is described in further detail in Lemonds (2003) (see Section 3.2.4 in 

 

availability index. The 
Lemonds 2003) and is defined by  

Pmin

i,solutionf,solution PP
pai

−
=  

fert
Equation G-27 

where  is the amount of P in solution  is the 
amount of P in solution before fertilization, and  is the amount of soluble P fertilizer 
added to the sample. The eral pool as defined by Jones et al. 

8 

 in the stable mineral pool in soil layer ly (mg kg ) and 
 is the concentration of P in the active mineral pool in soil layer ly (mg kg-1).  

Levels of organic P are given values based on the assumption that the N:P ratio for humic 

 

 in the soil layer (mg kg-1).  

f,solutionP i,solutionP after fertilization and incubation, 

Pmin

concentration in the stable min
fert

(1984) is  

 ly,actly,sta PminPmin ⋅= 4  Equation G-2

where ly,staPmin  is the concentration of P -1

ly,actPmin

materials is 8:1. The concentration of humic organic P in a soil layer, ly,humorgP , is  

 ly,humly,hum orgN.orgP ⋅= 1250  Equation G-29

where orgN  is the concentration of humic organic Nly,hum

G-66 
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The value for ly,humorgN  is calculated based on the assumption that the C:N ra umic 
materials is 14:1 and is

tio for h
 calculated by  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=

14
104 ly

ly,hum

orgC
orgN  Equation G-30  

where ly  is the amount of organic carbon in the layer (%).  

Values of P in the fresh organic pool are set to zero for all soil layers ex ep p 10 mm
soil (Neitsch et al. 2001). In the top 10 mm, the fresh organic P pool value, surf,frshorgP , is 
calculated by  

orgC

c t for the to  of 

Equation G-31 

wh   

Calcula  are performed o asis. Nutrient levels may be input as 
concentrations; however, SW

 

 surfsurf,frsh rsd.orgP ⋅= 00030  

ere surfrsd  is the residue material (i.e. decaying plants) in the top 10 mm of soil (kg ha-1).

tions in SWAT n a mass b
AT converts these to masses by  

ha
P kg

=
⋅ lydepth

100
⋅ bPconc ρ

 Equation G-32 

where Pconc  is the concentration of P in a layer (mg kg-1), bρ  is the bulk density (Mg m
depth  is the depth of the soil layer ly (mm). The

-3), and 
 SW les from this section are 

n Table G-17. In summary, the usual c se in SWAT is either to let SWAT u
values for all the initialization parameters or to specifically define the variables listed in  

-17 from
-17 

ly AT input variab
sh a se default own i

Table G  measured data.  
Table G
SWAT Input Variables for Initialization of Soil P Levels 

Input Variable Definition 

ly,solutionP  Concentration of P in solution in soil layer ly (mg kg-1) 

ly,humorgP  Concentration of humic organic (stable and active) P in a soil layer (mg kg-1) 

pai P availability index   

surfrsd   Residue material (i.e. decaying plants) in the top 10 mm of soil (kg ha-1) 

bρ  Bulk density of soil layer (Mg m-3) 
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Phosphorus Mineralization of Humus 

Formulations by Jones et al. (1984) are used to model phosphorus mineralization. Two of the six 
pools of phosphorus incorporated into SWAT that are considered for mineralization are: fresh 
organic P, including crop residue and microbial biomass, and active organic P related to soi
humus. Decomposition and mineralization may only occur if the soil layer temperature is above
0 °C (Neitsch et al. 2001a). The two mechanisms are dependent on water availability and 
temperature. T

l 
 

he temperature factor for nutrient cycling is  

[ ] 1.0
312.093.9exp

9.0
,,

,
, +

⋅−+
⋅=

lysoillysoil

lysoil
lytmp TT

T
γ   Equation G-33 

where lytmp,γ  is the nutrient cycling temperature factor for layer ly, and  is the temperature 
f layer ly (°C). The water factor for nutrient cycling is  

lysoilT ,

o

ly

ly lysw FC
=,γ  Equation G

where lysw,

SW
-34 

γ  is th ient cycling water factor for layer ly, lySW  is the water content of l
on a given d  H2O), and lyFC  is the water content of layer ly at field capacity (mm H2O). 

In the humic fraction of soil (the active and stable  organic P), phosphorus is divided 
between the active and stable organic pools by usi  r tio of humus active organic N to 
stable organic N. Mineralization is calculated for the humus  organic P pool by 

e nutr ayer ly 
ay (mm

forms of
ng the a

 active

 Equation G-35 

whe ineralized from the humus active organic P pool (kg P ha-1), 

( ) lyactlyswlytmplya orgPP ,
2/1

,,min,min 4.1 ⋅⋅⋅⋅= γγβ  

re lyaP ,mi  is the phosphorus mn

minβ  is the rate coefficient for mineralization of the humus active organic nutrients, lytmp,γ  is the 
nutrien rature factor fot cycling tempe r layer ly, lysw,γ  is the nutrient cycling water factor for layer 
ly, and torgP ,  is the amount of phosphorus in the active organic pool (kg P ha-1). The 
calculated m neralized phosphorus is then added to the solution P in the soil layer. The SWAT 
input variable from this se able G-18. 

Table G-18 

lyac

i
ction is shown in T

SWAT Input Variable for P Mineralization of Humus 

Input Variable Definition 

minβ  Rate coefficient for mineralization of the humus active organic nutrients 
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Decomposition and Mineralization of Residue 

Fresh organic phosphorus decomposition and mineralization is only allowed in the first soil 
layer. Decomposition is defined as the breakdown of fresh organic residue into simpler organic 
com  P to 
inorganic, plant-available P. Both processes are controlled by a decay rate constant that is 
updated daily and calculated as a function of the C o of the residue, 

 

pounds, and mineralization is the microbial conversion of organic, plant-unavailable

:N ratio and C:P rati
temperature, and soil water cont
calculated by 

ent. Mineralization of residue in the fresh organic P pool is 

lyfrshlyntrlyfmin orgPP ,,, 8.0 ⋅⋅= δ  Equation G-36 

e phowhere lyfminP ,  is th sphorus mineralized from the fresh organic P pool (kg P ha-1), lyntr ,δ  is 
the residue decay rate constant, and lyfrshorgP ,  is the phosphorus in the fresh organic pool in layer 
ly ). The mi  the solution P pool in the soil layer.  

ecomposition of residue in the fresh organic P pool is calculated by 

 (kg P ha-1 neralized phosphorus is added to

D

lyfrshlyntrlydec orgPP ,,, 2.0 ⋅⋅= δ   Equation G-37 

where  is the phosphorus decomposed from the fresh organic P pool (kg P ha-1), lydecP , lyntr ,δ  is 
the residue decay rate constant, and  is the phosphorus in the fresh organic pool in layer 
ly (kg P ha-1). The decomposed phosphorus is added to the humus organic pool in the soil layer.  

The decay rate constant that governs organic phosphorus decomposition and mineralization is 
defined by 

 Equation G-38 

where  is the residue decay rate constant, 

lyfrshorgP ,

( ) 2/1
,,,, lyswlytmplyntrrsdlyntr γγγβδ ⋅⋅⋅=  

lyntr ,δ rsdβ  is the rate coefficient for mineralization of 
the residue fresh organic nutrients, lyntr ,γ  is the nutrient cycling residue composition factor for 
layer ly, lytmp,γ  is the nutrient cycling temperature factor for layer ly, and lysw,γ  is the nutrient 
cycling water factor for layer ly.  
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The nutrient cycling residue composition factor for layer ly, lyntr ,γ , is 

 ( )
⎥⎦
⎤

⎢⎣
⎡ −

⋅−
25

25693.0exp :NCε  

 ( )
⎥⎦
⎤

⎢⎣
⎡ −

⋅−
25

25693.0exp :PCε  Equation G-39 

  1.0 

where N:Cε  is the C:N ratio on the residue in the soil layer, and P:Cε  is the C:P ratio on the residue 
in the soil layer. The SWAT input variable from this section is shown in Table G-19. 

Table G-19 
SWAT Input Variable for Decomposition and Mineralization of Residue 

Input Variable Definition 

rsdβ  Rate coefficient for mineralization of the residue fresh organic nutrients 

Sorption of Inorganic P 

As a result of the reaction with the soil, solution P concentration decreases quickly after 
application of soluble P fertilizer (Neitsch et al. 2001a). The initial rapid reaction is followed by 
significantly slower reduction in solution P that can continue for many years (Barrow and Shaw 
1975; Munns and Fox 1976; Rajan and Fox 1972; Sharpley 1982). To model the quick depletion 
of solution P, SWAT assumes rapid equilibration takes place between solution P and the active 
mineral pool with equations taken from Jones et al. (1984) (Neitsch et al. 2001a). The resulting 
slow equilibration process between the “active” and “stable” mineral pools is simulated by 
equations from Jones et al. (1984). 

The phosphorus availability index controls the equilibration between the solution and active 
mineral pools. The index is defined by the fraction of fertilizer P in solution after a certain time 
period characterized by the rapid reaction stage. To measure the index, soil is saturated and dried 
over six months and solution P is extracted with anion exchange resin (Neitsch et al. 2001a). The 
phosphorus availability index, pai, is described by Equation G-27. 

In the rapid reaction process between solution and active mineral pools, the rate of flow from the 
solution to the active mineral pool is ten times the rate from the active mineral pool to solution. 
For slow phosphorus sorption, SWAT assumes that the active mineral phosphorus pool has a 
slow equilibration process with the stable mineral phosphorus pool. When the system is at 
equilibrium, the active mineral pool is one-quarter the size of the stable mineral pool. When not 
in equilibrium, the rate of flow from the solution to the active mineral pool is ten times the rate 
from the active mineral pool to solution. The SWAT input variable from this section is shown in 
Table G-20. 

min, =lyntrγ
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Table G-20 
SWAT Input Variable for Sorption of Inorganic P 

Input Variable Definition 

pai Phosphorus availability index 

Leaching 

SWAT simulates leaching as the movement of P in response to a concentration gradient that is 
created when plant roots remove soluble P from the soil solution in the root zone. SWAT only 
allows soluble P from the top 10 mm of soil to leach into the first soil layer by 

 
perc,dsurfb

surf,percsurf,solution
perc kdepth

wP
P

⋅⋅⋅

⋅
=

ρ10
 Equation G-40 

where percP  is the amount of P moving from the top 10 mm of soil into the first soil layer (kg P 
ha-1), surf,solutionP  is the amount of P in solution in the top 10 mm (kg P ha-1), surf,percw  is the 
amount of water percolating to the first soil layer from the top 10 mm on a given day (mm H2O), 

bρ is the bulk density of the top 10 mm (Mg m-3), which is assumed to be equal to the bulk 
density of the first soil layer, and surfdepth  is the depth of the surface layer (10 mm). perc,dk  is the 
phosphorus percolation coefficient (m3 Mg-1), which is defined as the ratio of phosphorus 
concentration in the surface 10 mm of soil to the concentration of phosphorus in the percolate 
(Neitsch et al. 2001a). In this equation the subscript perc refers to the agriculture-related term 
percolation that is used to describe water movement in unsaturated soils.  

The SWAT input variables from this section are shown in Table G-21. 
Table G-21 
SWAT Input Variables for Leaching 

Input Variable Definition 

bρ  Bulk density of the soil (Mg m-3) 

perc,dk  P percolation coefficient (m3 Mg-1) 

Phosphorus Transport Mechanisms 

The transfer of nutrients, particularly P, from the soil to streams and lakes is a common 
occurrence in the erosion process and can lead to dangerous nutrient enrichment of surface water 
bodies. Particles become sorbed to sediment, which then becomes mobile in overland water flow 
during a precipitation or snowmelt event. The following section describes the processes by which 
P is transported from land areas to the stream network.  
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Due to the low mobility of solution P in the soil, surface runoff will interact only partly with the 
solution P that is stored in the top 10 mm of soil (Neitsch et al. 2001a). The amount of soluble 
phosphorus lost in runoff, surfP  (kg P ha-1), is  

 
surf,dsurfb

surfsurf,solution
surf kdepth

QP
P

⋅⋅

⋅
=
ρ

 Equation G-41 

where surf,solutionP is the amount of P in solution in the top 10 mm (kg P ha-1), surfQ  is the amount 
of surface runoff on a given day (mm H2O), bρ  is the bulk density of the top 10 mm (Mg m-3) 
(assumed to be equivalent to the bulk density of the first soil layer), surfdepth  is the depth of the 
“surface” layer (10 mm), and surf,dk  is the P soil water partitioning coefficient (m3 Mg-1). The 

surf,dk  parameter is the ratio of the soluble P concentration in the surface 10 mm of soil to the 
concentration of soluble P in surface runoff. This parameter is also called the distribution 
coefficient and is obtained from a measured linear isotherm fit to soil water sorption 
experimental data.  

The SWAT input variables from this section are shown in Table G-22. 
Table G-22 
SWAT Input Variables for Movement of Soluble P 

Input Variable Definition 

surf,dk  P soil water partitioning coefficient (m3 Mg-1) 

bρ  Bulk density of the soil (Mg m-3) 

Organic and mineral P are carried with sediment in surface runoff. These two forms of P are 
strongly associated with sediment loading from each HRU. Therefore, changes in sediment 
loading will affect the amount of organic and mineral P transported. An equation developed by 
McElroy et al. (1976) and modified by Williams and Hann (1978) is utilized to calculate the 
amount of P transported with sediment: 

 sed:P
hru

sedPPsurf area
sedconc.sed ε⋅⋅⋅= 0010  Equation G-42 

where Psurfsed  is the amount of phosphorus transported with sediment to the main channel in 
surface runoff (kg P ha-1), sedPconc  is the concentration of P attached to sediment in the top 10 
mm (g P (metric ton soil)-1), sed  is the sediment yield on a given day (metric tons), hruarea  is 
the HRU area (ha), and sed:Pε  is the P enrichment ratio.  
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The concentration of P attached to sediment in the 10-mm soil surface layer, sedPconc  (g P 
(metric ton soil)-1), is 

          
surfb

surf,frshsurf,humsurf,stasurf,act
sedP depth

)orgPorgPPminP(min
conc

⋅

+++
⋅=

ρ
100  Equation G-43 

where surf,actPmin  is the amount of P in the active mineral pool in the top 10 mm (kg P ha-1), 

surf,actPmin  is the amount of P in the stable mineral pool in the top 10 mm (kg P ha-1), surf,humorgP  
is the amount of P in the humic organic pool in the top 10 mm (kg P ha-1), surf,frshorgP  is the 
amount of P in the fresh organic pool in the top 10 mm (kg P ha-1), bρ  is the bulk density of the 
first soil layer (Mg m-3), and surfdepth is the depth of the soil surface layer (10 mm).  

The SWAT input variables from this section are shown in Table G-23. 
Table G-23 
SWAT Input Variables for Organic and Mineral P Attached to Sediment in Surface Runoff 

Input Variable Definition 

bρ  Bulk density of the soil (Mg m-3) 

sed:Pε  P enrichment ratio 

The P enrichment ratio is defined as the ratio of the concentration of P transported with the 
sediment to the concentration of P in the soil surface layer (Neitsch et al. 2001a). The P 
enrichment ratio as defined by Menzel (1980) is 

 2468.0
,: )(78.0 −⋅= surqsedsedP concε  Equation G-44 

where surqsedconc ,  is the concentration of sediment in surface runoff (Mg sed (m H2O)-3). SWAT 
calculates sed:Pε  for each storm event or allows the user to define one value to be used for all 
events. If the user allows SWAT to calculate an enrichment ratio for each storm event, then the 
enrichment ratio is a function of the concentration of sediment in surface runoff, surq,sedconc , 
which is calculated by  

 
surfhru

surq,sed Qarea
sedconc

⋅⋅
=

10
 Equation G-45 

where sed  is the sediment yield on a given day (metric tons), hruarea  is the HRU area (ha), and 

surfQ  is the amount of surface runoff on a given day (mm H2O). 
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Phosphorus Lag in Surface Runoff and Lateral Flow 

SWAT incorporates two storage functions that lag a portion of the surface runoff and lateral flow 
release to the main channel. In large subbasins with a time of concentration greater than one day, 
only a fraction of the runoff and lateral flow will arrive at the reach on the day that each is 
generated. Nutrients in the runoff and lateral flow are lagged as well. After the loading of P in 
surface runoff and lateral flow is calculated, the amount of P reaching the main channel reach is 
calculated as 
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where surfP  is the amount of solution P discharged to the main channel in surface runoff on a 

given day (kg P ha-1), '
surfP  is the amount of solution P loading generated in the HRU on a given 

day (kg P ha-1), 1−i,storP  is the solution P loading stored or lagged from the previous day  
(kg P ha-1), surfsedP  is the amount of sediment-attached P discharged to the main channel in 

surface runoff on a given day (kg P ha-1), '
surfsedP  is the amount of sediment attached P loading 

generated in the HRU on a given day (kg P ha-1), 1−i,storsedP  is the amount of sediment-attached P 
loading stored or lagged from the previous day (kg P ha-1), surlag  is the surface runoff lag 
coefficient, and conct  is the time of concentration for the HRU (hrs).  

The SWAT input variables from this section are shown in Table G-24. 
Table G-24 
SWAT Input Variables for P Lag in Surface Runoff and Lateral Flow 

Input Variable Definition 

surlag  Surface runoff lag coefficient 

sed:Pε  P enrichment ratio 

Summary of Phosphorus Fate and Transport Processes 

The transport and fate of P is important to understand so that better predictions of nutrient 
enrichment to surface-water bodies may be made. Phosphorus can undergo several in situ 
processes, including mineralization, decomposition, and sorption. Movement with surface runoff, 
either dissolved in the water or sorbed to sediment that is in the runoff, characterizes the 
movement of P into the stream network and eventually into large surface-water bodies.  
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Table G-25 summarizes the hydrologic phase in which each form of P is transported in the 
SWAT formulation.  

Table G-25 
Summary of the Transport Pathways Available to Each of the Six Pools of P in SWAT 

Form of P Transport Pathway 

Active organic P Overland flow of sediment (P attached to sediment entrained in surface runoff) 

Stable organic P Overland flow of sediment (P attached to sediment entrained in surface runoff) 

Fresh organic P  Overland flow of sediment (P attached to sediment entrained in surface runoff) 

Stable inorganic P Overland flow of sediment (P attached to sediment entrained in surface runoff) 

Active inorganic P Overland flow of sediment (P attached to sediment entrained in surface runoff) 

Solution inorganic P Overland flow of water (P in solution with surface runoff) 

 

 



 

H-1 

x focuses on the use of an assessment tool called Method for Assessment, 
Nutrient-loading, and Geographic Evaluation (MANAGE) of watersheds and aquifers. 

er. 

Results of all models, simple or complex, are only as good as the input values, and all results 
are estimates. 

• Oftentimes results of more complex models are used with overconfidence. 

• More complex models are not always a better solution, especially in situations where 
qualitative comparisons may suffice. 

In cases where qualitative comparisons meet the objectives of a study, simpler models have the 
advantage of requiring less input data, less resources, and less time. However, cases may arise 
when a complex model is necessary. Examples of such situations include instances when results 
are to be compared with monitored water quality data and when attempting to model the 
movement of an effluent plume in groundwater (Joubert and Lucht 2000). MANAGE can be 
categorized as a simple model, requiring only input values that can be determined from 
geographic data available for free in most areas.  

Background 

MANAGE was created for and initially applied in the Wickford Harbor watershed in Rhode 

H WATERSHED MODELING USING MANAGE 

Use of modeling as an environmental assessment tool can range from simple, low-cost mass 
balance modeling to more complex, costly numerical modeling with various levels in between. 
One of the objectives of this project was to apply various levels of models in order to provide a 
range of options for those attempting to select an appropriate model for their own watershed.  

This appendi

MANAGE was implemented with the intent of exploring a simpler, low-cost, and less 
time-intensive option for watershed assessment.  

Different models are appropriate to different situations dependent upon the needs of the us
There are a few considerations to keep in mind when considering simple versus complex models  
(Joubert and Lucht 2000):  

• 

Island. MANAGE was applied in Wickford Harbor to address the observed decline in water 
quality of the harbor. A full report of this application of MANAGE can be found online at 
http://www.uri.edu/ce/wq/mtp/wick/report.html. Besides describing the results of the Wickford 
Harbor watershed assessment, this report also provides documentation that is extremely useful 
for those wishing to apply MANAGE to their own watershed.  
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ote that 

ickford Harbor is the only other application of MANAGE that the 
authors of this report are aware of.  

been referred to as a “screening-level pollution risk assessment method” (Joubert and Lucht 
ain components: 

nd 

GE is 
ing data that is typically available at no cost. The 

l 

a 
he 

Expressing pollutant risks in a quantitative manner is often difficult. For example identifying and 
quantifying the pollution present at a site or sites in a watershed may be difficult and expensive. 
In such cases, qualitative methods that utilize comparison can be more useful. An example 
utilized in MANAGE is demonstrated in watershed indicators. Indicators do not quantify 
pollution effects and do not identify the location of contaminated sites. Rather indicators are used 
in an attempt to denote the risk of pollutant input or physical stresses that may adversely affect 
water quality in a watershed (Joubert and Lucht 2000). One example of an indicator is the 
percentage of total land use that is commercial or industrial. This type of land use has the 
potential to negatively impact water quality. The larger the amount of such land uses, the greater 
the chance that a water quality impact will occur.  

Results of the Wickford Harbor assessment are not presented here, but it is important to n
this initial application, for which MANAGE was created, was in a coastal watershed 
environment, which is in contrast to the alpine watershed studied during this project. Other than 
the study presented here, W

Description of MANAGE 

MANAGE was created by the University of Rhode Island (URI) Cooperative Extension to be 
applied in communities of Rhode Island to aid in assessment and management of nonpoint 
pollution sources and management of water resources (Joubert and Lucht 2000). MANAGE has 

2000). MANAGE involves three m

• Use of watershed characteristics as “indicators” to assess the risk that pollutant inputs a
other factors will lead to an adverse water quality impact 

• Nutrient loading estimates via mass balance calculations 

• Use of geographical information system (GIS) to create maps for use in analysis and 
identification of pollutant hotspots 

The first two components are completed in an Excel spreadsheet set up for MANAGE. The third 
component is completed using GIS software. In this case, ArcView 3.2 was used. MANA
intended to be a low-cost assessment method us
three components of MANAGE enable a user to combine qualitative, quantitative, and visua
methods to evaluate the water quality threats to a study area. Each component is described in 
more detail in the sections that follow. Note that MANAGE is designed to run one study area at 
time. If a user wishes to run, for example, an entire study area followed by sub-watersheds of t
entire study area, each area must be run separately and the results compared by the user. 

Water Quality Indicator Analysis 
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MA ge of total land use that is comprised of these high-intensity 
categories and then compares this percentage to a scale that indicates that if watershed land uses 
are greater than 25% high-intensity categories, there is a high risk that these land uses are (or 
will, if the scenario is being run for future situations) negatively impact water quality. This 

arian zone 

. 
d 

zone 
due to its proximity to surface waters. This proximity reduces the chance that pollutants will be 
filtered out before reaching surface waters. Furthermore, ecosystems present in undeveloped 
riparian zones typically have the ability to buffer the impact of pollutants through such processes 
as filtration and plant uptake. Therefore, preservation of this zone is important. Each land-use 
indicator is evaluated as a percent of total land use or total riparian land use and given a ranking 
based on a scale that is individual to the land use. Indicators and their ranking scale can be found 
in Table H-1. Note that all scales used in MANAGE to rank water quality impact risk associated 
with the various indicators are based on the literature (Joubert and Lucht 2000).  

The second category of indicators is natural resource indicators. These indicators are focused on 
different aspects of soils, including the presence of excessively permeable soils and presence of 
excessively restrictive soils. For example, in MANAGE soils are categorized into four 
hydrologic soil groups, A, B, C, and D. Hydrologic group A is the highest permeability; D the 
lowest. MANAGE evaluates the presence of hydrologic soil group A, or excessively permeable 
soils, as a percent of the total soil coverage and ranks it on a scale similar to that used with land 
use indicators (see Table H-1). If the amount of permeable soils exceeds 60% MANAGE gives a 
rank of high risk that there will be pollution impact. This high-risk rank is given because 
high-permeability soils tend to be situated in areas of recharge and high permeability has the 
potential to allow pollutants to pass through quickly to the groundwater aquifer. Restrictive soils 
are important for the opposite reason. The permeability of restrictive soils is extremely low 
indicating that water would move through extremely slow. In such cases, water may not infiltrate 
at all and instead become runoff. In cases where this runoff carries pollution, pollutants could be 
contributed directly to surface waters.  

 

NAGE calculates the percenta

knowledge is useful when considering such factors as potential sites to monitor or future 
development plans.  

In this appendix, watershed indicators used in MANAGE are split into two categories. The first 
category is land-use indicators. In addition to the indicators example described previously, 
MANAGE also evaluates land-use indicators including the amount of:  

• Impervious surface 

• Forest and wetland 

• High-intensity land use in the riparian zone 

• Impervious surface in the rip

• Forest and wetland in the riparian zone 

Evaluating the presence of various land uses can be important when considering water quality
For example, impervious surfaces may increase the amount of runoff that alters hydrology an
has the potential to carry pollutants. This condition is even more pronounced in the riparian 
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Table H-1 
A List of Indicators and Their Associated Rating Scales Used by MANAGE 

Land Use Indicators Rating Scale
Low Medium High Very High

High intensity land use
<10% > 25%

Impervious surface
< 10% > 25%

Forest and wetland
> 80% < 20%

Riparian high intensity land use

< 5% > 15%

> 95% < 60%
Rating Scale

Low Medium High Very High
High permeability soils

 < 10%  >60%

<5% > 15%
Riparian impervious surface

Riparian forest and wetland

Soil Indicators

Restrictive layer
< 2% > 10%  

Nutrient Loading Analysis 

The second component of MANAGE is a nutrient-loading component that provides estimates of 
 a mass 
 water 

o 
fects 

ted by MANAGE using precipitation and evapotranspiration (ET) 
Both values are typically available from data generated at local 

T 

 

 the available precipitation. 
A runoff value is calculated for each land use and then the individual values summed to estimate 
a total runoff. Runoff for each land use is calculated by multiplying the area of that land use by 
the runoff coefficient for that land use and total precipitation. This yields a volume of runoff for 
each land use. Once these volumes are summed they can be divided by the area to get runoff in 
inches per year. Results are shown in MANAGE as both volumetric and normalized values. 

nitrogen and phosphorous loading in the study area. These estimates are calculated using
balance approach. The first step in the mass balance approach is to calculate an estimated
budget. Results of the water budget are then used to aid in nutrient loading estimates of both 
nitrogen and phosphorous. Note that this is a simplified mass balance that does not take int
account situations where the per acre nutrient loading may be higher than the average, the ef
of storm events, other pollutants, and nutrient uptake through natural processes (Joubert and 
Lucht 2000). The mass balance is an estimate of nutrients at the source; therefore, numbers are 
best used as a basis of comparison to each other and not to actual nutrient loading values derived 
from monitoring data. 

The water budget is calcula
values entered by the user. 
weather stations and are entered into MANAGE as inches per year. MANAGE subtracts the E
from the average annual precipitation to estimate the amount of precipitation that is available to 
form either recharge or runoff. Other components of the water budget, such as depression storage
and interflow, are assumed to be negligible. The amount of precipitation that becomes recharge 
is assumed to be the amount that is left after runoff is subtracted from

H-4 
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f 

nt 
ient loading estimates for nitrogen and 

• Pet waste 

• Unfertilized pervious areas 

The process for calculating nutrient loading from each of the five sources differs slightly in each 
case; however, there are two main methods. For the first four sources, loading is estimated by 
multiplying the amount of that source (for example, the area of fertilized lawns) by the amount 
of nutrient loading typically found in that source (for example, lb/acre/year) to yield loading in 
pounds per year. The method for unfertilized pervious areas differs slightly.  

ist of the following:  

 Orchards • Unfertilized lawns 

rom the five sources are then summed to estimate total 
nutrient loading to groundwater. Dividing this value by the volume of recharge results in an 

lated 
se by the loading factor for that land use. The total loading 

due to surface water runoff in pounds per year can be divided by runoff volume to obtain 
off and 

n 

The water budget is useful in and of itself; however, volumetric values for recharge and runof
are utilized further in the nutrient loading estimates. Note that the area of each land use and 
runoff coefficients are values input into MANAGE by the user, which is discussed further in the 
MANAGE Setup section. 

As with available precipitation, nutrient loading in MANAGE is split into two parts: that which 
is the result of groundwater recharge loading and that which is the result of surface runoff 
loading. The two parts are summed to provide numbers estimating the total amount of nutrie
loading in the watershed. The process for calculating nutr
phosphorous is identical. In MANAGE, nutrient loading to groundwater is assumed to originate 
from five sources: 

• Septic systems 

• Fertilized lawns 

• Fertilized agricultural areas 

Pervious areas cons

• Pasture • Forest 

•

The area of each of these land uses is summed then multiplied by a typical loading factor for 
pervious areas. The loading values f

estimated concentration of the nutrients in groundwater recharge. 

Other nutrient loading occurs as a result of surface runoff. This loading is calculated by 
estimating a runoff nutrient loading value for each land use and then summing the individual 
values to obtain a total value. The amount of loading from each individual land use is calcu
by multiplying the area of the land u

concentration or area of the study area to obtain a value in pounds per acre per year. Run
recharge loading are summed to estimate total loading in the study area. These values can the
be manipulated to gain information about the various sources of the loading, which may help in 
management practices and source identification.  
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e 

k of 

 

 

• The results of MANAGE can aid in identifying the most serious problems, which can then be 
udy. 

ng 

kmark 

GIS Analysis 

The third and final component of a MANAGE analysis is the GIS analysis. The GIS analysis 
provides geographic locations of potential pollution sources through both hotspot mapping and 
location identification of some of the watershed indicators, as well as a means with which to 
view natural resources. These supplement the other components of MANAGE that do not 
provide site-specific information.  

Hotspot mapping is a means of locating areas that are at a high risk for pollutant impacts. The 
term nonpoint source pollution often gives the impression that the pollution in question is diffus
or cannot be located (Joubert and Lucht 2000). However, looking at watershed characteristics 
can often give some idea of where this pollution is likely to occur. For example, nonpoint 
pollution can be traced to certain types of intense land use (for example, high-density 
residential), or to natural features such as soil type that may allow for easier transport of 
pollutants to either surface or groundwaters (for example, high-permeability soils) (Joubert and 
Lucht 2000). In general, maps of these watershed characteristics are widely available, so the 
maps can be used to overlay different characteristics (for example, high-density residential areas 
and high-permeability soils) in order to display the hotspots that are at the highest ris
nonpoint pollution impacts.  

GIS can also be used to identify the location of certain indicators. One example is to use GIS to
identify the location of high- and very-high-risk land uses. Finally, GIS can be used to create 
natural resource maps such as soil and land use maps. 

Summary 

The three components of this tool combine to form MANAGE, a simple assessment method with
several advantages (Joubert and Lucht 2000): 

• MANAGE is rapid and low-cost, which is beneficial in situations where resources are 
limited.  

targeted for further st

• Products of MANAGE, such as the map database, can be useful in other town planni
efforts.  

• The results can be documented when composing town plans or zoning in order to boo
the need for improvement. 

• MANAGE can be used to identify potential impacts before they occur so that pollution can 
be prevented.  
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MANAGE Setup 

The Wickford Harbor Watershed Assessment report (see the Background section at the beginning 
of this appendix for the web address) (Joubert and Lucht 2000) contains several appendices that 
document how to set up and utilize MANAGE. Appendix D, Technical Documentation, contains 

o 

iffer 

MANAGE in the Dillon Reservoir wa
this n of the file can be found 
below in Table H-2. Note that the bolded entries are those that are crucial to the eventual 
completion of the MANAGE nutrient-loading input tables. Others are useful for generating maps 
and completing qualitative evaluation, but if not obtained, they will not prevent application of 
MANAGE. 
 

Table H-2 
GIS Coverages Obtained for This Project 

.dot.state.co.us Highways in Summit County
state.co.us Lakes in Division 5 (includes Summit County)

unty

step-by-step instructions detailing which GIS coverages are needed, what GIS functions need t
be performed on that data, and how to use the data to complete the MANAGE assessment. 
Information contained in that document will not be repeated here; however, this section will 
provide clarification when needed, and when applicable how this project used steps that d
from those used in the original application of MANAGE.  

GIS Setup 

Setting up a GIS database for the study area was the initial task completed when applying 
tershed. A list of the original GIS coverages obtained for 

 study, the location where this data was accessed, and a descriptio

File Source Location Description
STATSGO Spatial Files http://www.ftw.nrcs.usda.gov/statsgo_ftp.html STATSGO soil database and spatial coverage
SSURGO Spatial Files http://lighthouse.nrcs.usda.gov/gateway SSURGO soil database and spatial coverage
lroads.shp http://www.dot.state.co.us Local roads in Summit County
fcroads.shp http://www.dot.state.co.us Major roads in Summit County
Highways.shp http://www
div5_lakes.shp http://cdss.
div5_rivers.shp http://cdss.state.co.us Rivers in Division 5
div5_counties.shp http://cdss.state.co.us Counties in Division 5
l_leadco.shp* http://lighthouse.nrcs.usda.gov/gateway Land use map which includes part of Summit County
l_denvco.shp* http://lighthouse.nrcs.usda.gov/gateway Land use map which includes part of Summit Co
warmft.shp N/A Parcel map including OWS location
Basins.shp N/A Study area boundaries (including sub-watersheds)
Cities.shp http://www.dot.state.co.us Cities in the study area

*  These two land use maps each include a portion of Summit County and needed to be merged in order to obtain an appropriate
    coverage.  

 

n essary coverages using the base list provided in Table H-2. However, 
e cases coverage comparable to that used in the Wickford Harbor project could not be 

btained for this project, and therefore compromises had to be made.  

As mentioned, Appendix D of the report on Wickford Harbor contains step-by-step instructions
on how to set up MANAGE. These instructions include a list of steps that should be taken to 
manipulate or create the ec
in som
o
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Rho er line map in their GIS work; 
comparable maps could not be found for the Dillon Reservoir watershed. Some manipulation of 
the land-use coverages was also necessary; the steps necessary to do this were not outlined in the 
Wickford Harbor project. 

With the exception of these situations, GIS setup followed the steps outlined in Appendix D of 
the Wickford Harbor report for all GIS setup. The process was completed a total of four times: 
once for the entire watershed and once for each of three focus areas analyzed in this project. Note 
that Rhode Island recommends use of Arc/Info GIS software to complete all GIS work. This 
software facilitates input of data into the MANAGE Excel spreadsheet. Arc/Info was neither 
available nor conducive to this project, so all work was done using ArcView GIS 3.2. 

xcel File 

Excel 
. 

 
NAGE spreadsheet was 

obtained from the University of Rhode Island. 

 

de Island utilized both a SSURGO soil map and a sew

Setup of MANAGE E

Two of the three MANAGE components, land use indicator analysis and nutrient loading 
analysis, are completed in an Excel file designed by the University of Rhode Island. This 
file is set up so that values can be entered, either manually or automatically, into input tables
These values are then used to calculate water budget, nutrient loading estimates, and watershed 
indicator results. Outside of the main input tables other opportunities for user input into this 
spreadsheet include best management practices (BMPs) and assumptions. Input BMPs can be 
used for evaluation of current or future potential BMPs. Assumptions made in the model can be
evaluated and altered when appropriate. For this project, the MA

The first step taken in setting up the MANAGE Excel file was to complete the input tables. 
There are five input tables available in MANAGE. The first three are used if the user wishes to
complete a surface water and groundwater watershed assessment. The last two are used if the 
user wishes to complete a groundwater assessment only. Table 1 through Table 3 are entitled 
“Surface Watershed Land Use/Hydrologic Soil Group Distribution,” “Land Use Distribution in 
the Unsewered Portion of the Surface Watershed,” and “Land Use Distribution in the Riparian 
Areas of the Surface Watershed,” respectively. Input Table 1 is shown in Table H-3. 
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Table H-3 
Input Table 1 From MANAGE 

INPUT TABLE 1:
Surface Watershed Land Use/Hydrologic Soil Group Distribution:

Total Hydrologic Soil Group % of
LAND USE Area (acres) A B C

 Total
D Unknown Land

[1] HD Res.(>8 /ac) 0.0 0.0 0.0 0.0 0.0 0.0 0.
[2] MHD Res.(4-7.9/ac) 0.0 0.0 0.0 0.0 0.0 0.0
[3] MD Res.(1-3.9/ac) 0.0 0.0

2,509.9 135.9

 Use
0%

0.0%
0.0 0.0 0.0 0.0 0.0%

[4] MLD Res.(0.5-0.9/ac) 1,633.6 326.4 414.0 0.0 1.2%
1.2%

%
.0 0.0 0.0 0.0%

[5] LD Res.(<0.5/ac) 2,509.9 135.9 1,633.6 326.4 414.0 0.0
[6]  Commercial 1,552.0 161.0 822.0 253.0 316.0 0.0 0.7%
[7]  Industrial 159.2 15.3 93.0 36.7 14.3 0.0 0.1%
[8]  Roads 559.8 0.0 401.0 5.0 153.7 0.0 0.3%
[9]  Airports 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[10] Railroads 0.0 0.0 0.0 0
[11] Junkyards 0.0 0.0 0.0 0.0 0.0 0.0 0.0%
[12] Recreation 4,481.6 0.0 3,511.4 954.7 15.5 0.0 2.1%
[13] Institution 0.0 0.0 0.0 0.0 0.0 0.0 0.0%
[14] Pasture 254.5 103.5 24.6 0.0 126.5 0.0 0.1%
[15] Cropland 15.4 0.0 5.5 9.9 0.0 0.0 0.0%
[16] Orchards 0.0 0.0 0.0 0.0 0.0 0.0 0.0%
[17] Brush 63,356.0 206.4 56,821.1 2,124.0 4,204.5 0.0 30.1%
[18] Forest 114,286.4 747.6 83,273.3 25,749.0 4,516.6 0.0 54.3%
[19] Barren 16,864.8 567.4 15,160.4 888.2 248.8 0.0 8.0%
[20] Wetland 546.2 27.3 109.8 110.4 298.8 0.0 0.3%
[21] Water 3,419.4 0.0 0.0 0.0 0.0 3,419.4 1.6%

.0%
%

[22] Transitional 0.0 0.0 0.0 0.0 0.0 0.0 0
Total (acres) 210,515.1 2,100.1 163,489.1 30,783.7 10,722.8 3,419.4 100

1.0% 77.7% 14.6% 5.1% 1.6%  

ut 
oes 

s work with ArcView 

The hybrid method of data input involves querying various GIS coverages once the GIS setup is 
completed. All three tables involve entering the acreage of a certain land use divided amongst the 
various soil types. For example, in Table H-3 total forested acres are approximately 114,287 
acres. To get input values for the table, ArcView was used to determine the amount of total 
forested acres situated on hydrologic group A, the amount situated on group B, and so on.  

Values for the input tables can be obtained in three ways. A command file for MANAGE has 
been written for use with Arc/Info GIS software. This command file facilitates gathering of inp
table values from the land-use, soils, sewers, and riparian area coverages. However, this file d
not work with ArcView GIS software. Creation of a command file that doe
is in progress by the creators of MANAGE but was not completed at the time of this study. The 
second way in which input data values can be obtained is manually. In this case values are 
estimated from hard-copy maps or other sources and input by hand into the tables. The third 
manner in which values can be obtained is a combination (hybrid) of the first two methods. This 
means that work is done and values obtained through use of GIS, but rather than have the 
command file gather and enter the values into the tables, the values are entered by hand. This 
method was used in this study. 

H-9 
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The  D, and 
restrictive. Restrictive soils are those that have a permeability of less than 0.2 in./hr at depths of 
20 to 60 in. (Joubert and Lucht 2000). 

Once the input tables are complete, the user can evaluate and/or change other values used in the 
model. For example, there is a place in the spreadsheet where one can implement best 
management practices (BMPs). If BMPs are in place in the study area then they should be 
accounted for in the original implementation of the model provided the intent of the original run 
is to represent current conditions. Otherwise, BMPs may be evaluated in future scenarios in order 
to determine which ones might be most effective in improving the water quality of a study area.  

Other values that can be altered include some of the assumptions made in MANAGE, including: 

• Assumptions about precipitation and ET 

• Surface runoff coefficients 

• Nutrien

• alfunctioning septic systems 

The creators ure than appropriate 
values were used for the surface runoff and nutrient loading coefficients. As a result, these values 

anged if users have ensured that they have more appropriate values. 
Precipitation and ET data are usually readily available for most regions, so users should find 

MANAGE automatically calculates and summarizes the watershed water quality indicators. 
They are summarized in the worksheet entitled “Risk.” Results of the nutrient loading are 
summarized in the “Best Easy Out” worksheet. This worksheet summarizes factors such as 
nitrate loading to groundwater in lb/acre/yr. Inspection of the MANAGE worksheet entitled 
“MANAGE” provides information about how these results are generated. This worksheet is the 
heart of the model where all calculations originate. Furthermore, this worksheet can be useful in 
finding the values necessary to create statistics not automatically generated by the spreadsheet. 

Fine Tuning MANAGE 

To date, this Dillon Reservoir study appears to be only the second application of MANAGE. 
Consequently, situations that were not encountered in the original Wickford Harbor application 
are expected. This section describes some of the obstacles that had to be overcome in applying 
MANAGE to the Dillon Reservoir watershed. 

 remaining tables are similar but utilize modified hydrologic groups A+B, C,

t loading coefficients 

The number of m

 of MANAGE carried out an extensive literature search to ens

should only be ch

values specific to their study area. 

Once the spreadsheet is finalized, results can be evaluated. The MANAGE spreadsheet 
automatically generates some of these results, which is important to note. For example, 
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on that 
y, 

stal region 

he 

 Specifically, concerns were raised about surface runoff and nutrient loading 
coefficients, number of septic systems, and percentage of malfunctioning septic systems. 

 

 Equation H-1 

al 

er 

hy 
priate to select different coefficients. However, for this 

report, time constraints prohibited the research necessary to select different values and the 
original values were kept in place. 

There was also concern about the applicability of the nutrient loading factors utilized in 
MANAGE. These nutrient loading factors, sometimes referred to as export coefficients, are 
values that express pollutant generation per unit area and time for each land use (Novotny 2003). 
In MANAGE, nutrient loading factors are expressed as lb/acre/yr. Multiplied by the area, in 
acres, of each land use, these factors provide a means of estimating nutrient loading from each 
land use in surface runoff.  

As mentioned in the GIS Setup section, there were some instances where GIS coverages that 
were available for the Wickford Harbor watershed were not available in the Dillon Reservoir 
watershed. All GIS directions in the Wickford Harbor report are given under the assumpti
the user has coverages that are identical in nature, so some steps had to be modified. Specificall
extra or modified steps had to be taken to get appropriate soils and land-use maps. Furthermore, 
Rhode Island used a map of sewer lines to estimate the locations of the sewered areas of the 
watershed. No such map was available for the Dillon Reservoir watershed, so a parcel map 
denoting which parcels utilized OWS was used instead.  

Wickford Harbor watershed, for which MANAGE was designed, is located in the coa
of Rhode Island. There is obviously a great deal of difference in the environment of this 
watershed and the Dillon Reservoir watershed. Therefore, there were some concerns about t
applicability of various model parameters to regions outside of and dissimilar to the Wickford 
Harbor watershed.

When precipitation occurs, some will be intercepted through processes such as uptake by 
vegetation, depression storage or ponding, infiltration into soils, evaporation, and transpiration 
(Novotny 2003). The portion left over has the potential to become surface runoff. Surface runoff
is important because it can generate the highest loads of particulate pollutants (Novotny 2003). 
One means of estimating the volume of surface runoff is through use of surface runoff 
coefficients. For example, MANAGE calculates surface runoff by calculating a runoff amount 
for each land use and then summing these values to obtain a total runoff. To calculate a runoff 
value for each land use, MANAGE employs the following equation: 

Volume of runoff =  
[amount of precipitation (in length/time)] × [area of land use type (in Length2)] × [runoff coefficient] 

In Equation H-1 the runoff coefficient is a value that attempts to estimate the portion of the tot
precipitation that becomes runoff.  

Novotny (2003) indicates that coefficients can differ for flat versus sloped watersheds with larg
coefficients being necessary for sloped catchments. The Wickford Harbor watershed, for which 
the current MANAGE runoff coefficients were selected, is flat in comparison to the topograp
of Colorado. Therefore, it may be appro
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ts out that unit loads are highly site-specific and depend on a number of 
ography, geography, and hydrology. Furthermore values that are developed 

h 
s 

the study area to develop unit loading factors for nutrients. These nutrient loading factors were 
AGE through simple spreadsheet manipulation. The majority of the 

manipulation involved combining daily loading values into annual loading factors for a period of 
for 

es 

as 
lts could be evaluated. 

Results of MANAGE Applied to the Dillon Reservoir Watershed 

MANAGE was successfully applied to the Dillon Reservoir watershed. MANAGE was initially 
applied to the entire study area, and then to each of the three major sub-watersheds: Tenmile 
Creek, Blue River, and Snake River sub-watersheds. The following sections describe and 
compare the results of each of the four major model runs. 

Watershed Features 

Besides providing a means to assess the potential water quality impacts of a watershed, 
MANAGE provides many statistics that describe the watershed in question. At this point a 
discussion of these statistics is useful as well as a summarization of some other existing 
info n a out the watershed. 

This project was conducted in the Dillon Reservoir watershed situated in the southern portion of 
Summit County, Colorado. Summit County is located in the southeast corner of the northwest 
quadrant of the state, and spans an elevation range of 7,947 to 14,270 feet. The Dillon Reservoir 
watershed was created with the completion of the reservoir in 1963. Since that time, the area has 

nges, including a rapid increase in population, that have led to increased 
concern about the preservation of water quality.  

Novotny (2003) poin
factors including dem
for various land uses are often based on averages from a wide range of measured values. As wit
the surface runoff coefficients, the validity of the nutrient loading factors used in MANAGE wa
questioned due to the differences in the geography and hydrology of Colorado versus Rhode 
Island. However, unlike surface runoff coefficients, unit loads of nutrients for the study area 
were available. 

As described in Appendix G, Watershed Modeling Using BASINS/SWAT, the watershed model 
Better Assessment Science Integrating Point and Nonpoint Sources (BASINS)/ Soil and Water 
Assessment Tool (SWAT) was also applied to the study area. This model utilized data specific to 

adapted to MAN

eight years and then using the lowest and highest annual values as the input range necessary 
MANAGE. Some additional manipulation of the data had to be done in order to combine speci
of nitrogen and phosphorous to get values for total nitrogen and total phosphorous.  

Like MANAGE, BASINS/SWAT separated unit loads by land use; however, values were only 
available for some of the MANAGE land uses. The land use categories for which new values 
were obtained are brush, pasture, barren, and forest. This situation was determined acceptable 
because these land uses make up the majority of the study area. Once setup of MANAGE w
complete for the entire watershed, as well as each focus area, resu

rmatio  b

undergone many cha
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ases 
n the environment have been documented. Tools such as MANAGE can be a 

step towards understanding how OWS might impact water quality in the study area environment. 

. 

as within 
0  water body), occupying approximately 62% of these areas. Soils in 

ped according to hydrologic soil groups A, B, C, and D. The most 
predominant soil group in the Dillon Reservoir watershed is soil group B. B-group soils have low 

tial with moderate infiltration rates and moderately-fine to 
tny 2003). Table H-4 summarizes these overall study area 

t s well as those for each sub-watershed assessed using MANAGE. 

Study Area Characteristics by Watershed and by Sub-Watershed 

One specific concern regards the number of OWS in the watershed. Increased population has led 
to new development, and much of this development utilizes OWS as a primary means of 
wastewater disposal. Though OWS can be a safe and viable means of waste disposal, some c
of OWS impact o

MANAGE calculates the total acreage of the Dillon Reservoir watershed to be 210,510 acres
The predominant land use in this watershed is forest, which comprises approximately 54%. 
Forest is also the predominant land use in the riparian zones of the watershed (the are
15  feet of a surface
MANAGE are map

to moderate surface runoff poten
moderately-coarse texture (Novo
fea ures a

Table H-4 

Feature
Entire Study 

Area
Tenmile Creek 

Basin
Blue River 

Basin
Snake River 

Basin

Total Acres 210515 68248 79932 61222

Predominant Land Use
Forest 

(54.3%)
Forest 
(48.9)

Forest 
(58.8)

Forest 
(55.2%)

Predominant Riparian 
Land Use

Forest 
(60.1%)

Forest 
(55.1)

Forest 
(62.7%)

Forest 
(63.7%)

Predominant 
Hydrologic Soil Group

B 
(77.7%)

B 
(94%)

B 
(78.6%)

B 
(58.9%)  

Watershed Indicators 

As mentioned, MANAGE utilizes watershed indicators as one means of assessing the health of a 
watershed. Indi ting 
scale f  the literature to denote the risk of pollution from that characteristic. An example 
wo d. In order to maintain a low risk of 
pollution transport due to lack of forest and we hould have greater than 

rs. 

 

 

cators are watershed characteristics that can be used in conjunction with a ra
rom

uld be the percent of total land use that is forest or wetlan
tland areas, a watershed s

80% forest and wetland. All indicators and their associated rating scales are shown in Table H-1. 
Note that all indicators can be split into two categories: land-use indicators and soil indicato
As the names imply, land-use indicators are concerned mainly with certain types and amount of 
land uses in the study area, and soil indicators investigate the presence of certain types of soil. 
These two groups of indicators are discussed in the following section; all indicator results are 
summarized in Table H-5. 
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Summary of Results of Watershed Indicator Analysis 

ti  Surface (%) 1.3 / L .0 / Low .3 / Low
re  59.2 / M iu .4 / Medium 4 -High
p  R ) 2.4 / L 3.8 / Low ow

w
e

ow

Table H-5 

Value/Risk Value/Risk Value/Risk Value/Risk
Indicator Entire Study Area Blue River Basin Snake River Basin Tenmile Creek Basin

High and High Risk Land Uses (%) 1.1 / Low 0.9 / Low 1.1 / Low 1.3/ Low
Es mated Impervious 1.2 / Low ow 1 1
Fo st and Wetland (%)
Ri arian High and High

54.6 / Medium
3.1 / Low

ed m 55
ow

9.1 / Medium
3.3/ Lisk Land Uses (%

Riparian Estimated Impervious Surface (%) 2.7 / Low 2.8 / Low 2.7 / Low 2.6 / Lo
Riparian Forest and Wetland (%) 60.4 / Medium-High 63.1 / High 63.9 / High 55.3 / Extrem
Excessively permeable soils (%) 1.0 / Low 2.5 / Low 0.2 / Low 0.0 / L
Restrictive soils (%) 3.2 / Medium 5.0 / Medium 2.0 / Low-Medium 2.4 / Medium  

us surfaces and the amount of forest and wetland. Each of these factors is 
onsidered twice for each run of MANAGE, once for the entire area of consideration and a 
econd time in the riparian zone only (for an entire sub-watershed and then just for the riparian 

zone of that sub-watershed). The riparian zone is considered separately because it is especially 
important as a buffer zone and as an area of natural treatment.  

MANAGE considers the presence of high- and very-high-risk land use as a watershed health 
indicator. High-risk land uses include high- and medium-high-density residential (greater than 
four units/acre); schools, hospitals, and other institutional uses; and actively tilled cropland. 
Very-high-risk land uses include commercial and industrial; highways, railroads, and airports; 
and junkyards. In the entire watershed, 1.1% of the land use is high- and very-high-risk. This 
number varies only slightly between the different sub-watersheds analyzed with MANAGE. The 
Blue River basin had the least amount of such land uses at 0.9%; the Tenmile Creek basin had 
the greatest at 1.3%. In MANAGE, 0 to 10% presence of high- and very-high-risk land uses is 
associated with a low risk of water quality impacts from these land uses. Therefore the entire 
watershed, along with each sub-watershed, falls in the low-risk range. 

In the riparian zone, the entire watershed contains approximately 3.1% high- and very-high-risk 
land uses. The number varies among the three sub-watersheds analyzed: from
River basin to 3.8% in the Tenmile Creek basin. In the riparian zone, MANAGE considers the 
presence of less . 
However, MANAGE suggests that the presence of any such land uses warrants a site inspection 
bec ot spots and pollution movement. This 
aspect will be addressed in the GIS Analysis section.  

Land-Use Indicators 

Land uses are an important consideration because some can generate pollutants (such as land 
uses that have impervious surfaces) and alter hydrology. Land-use factors considered by 
MANAGE include the presence of high- and very-high-risk land uses and then the specific 
presence of impervio
c
s

 2.8% in the Blue 

 than 5% high- and very-high-risk land uses to be a low risk to water quality

ause there is a high potential for contamination h
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d, 

mount of impervious surface, the higher the risk that such 

s with high- and very-high-risk land uses, the amount of impervious surface in the riparian 
zones is higher than that seen in the entire watershed. For riparian zones in the entire watershed, 
there is an estimated 2.7% impervious surface. Fo  riparian zones in each of the sub-watersheds, 
there is little va t to 
water quality from impervious surfaces in the riparian zones. 

For veral reasons. Forests aid in the 
 

 
 that 

 

MA rested and wetland areas as having a 
low risk of water quality impact. The Dillon Reservoir watershed is approximately 55% forest 
and wetland, meaning that there is a medium risk of water quality impacts due to lack of forest 
and wetland areas (see Figure H-1). In the sub-watersheds, this number varies. The Tenmile 
Creek basin has the lowest amount of forest and wetland areas at approximately 49%, which 
means that this sub-watershed has a medium-high risk of water quality impacts due to lack of 
forest and wetland. The Blue River has the greatest amount of forest and wetland: 59%. The 
Snake River basin is in the middle; 55% is covered by forest and wetland. 

In the riparian zone, forest and wetland areas are even greater. However, in order to maintain a 
low risk of pollution due to lack of forest and wetland in the riparian zone, MANAGE has a 
rating of 95% or greater of such areas. Sixty percent of the riparian zones within the entire 
watershed are either forest or wetland, representing a high risk of impact due to lack of forest and 
wetland (see Figure H-2). Riparian zones in the Tenmile Creek basin contain slightly less forest 
(55%), which represents an extreme risk to water quality. The Snake River basin has the most 
forested riparian zones, approximately 64%. However, this level is still a high risk of impact. 

 

Impervious surfaces (such as pavement and roofs) prevent water from seeping into the groun
thereby increasing runoff and decreasing groundwater recharge. Furthermore, runoff from 
impervious surfaces has the potential to carry with it pollutants from such surfaces as parking 
lots and roofs. The greater the a
surfaces will cause detriment to water quality. MANAGE estimates the amount of impervious 
surface based on the type and amount of land use entered into the MANAGE spreadsheet. 
MANAGE estimates that the Dillon Reservoir watershed is approximately 1.2% covered by 
impervious surfaces. This represents a low risk of water quality impact due to the presence of 
impervious surfaces. In each sub-watershed studied with MANAGE, results were similar, 
ranging from 1.0 to 1.3% impervious surface. 

A

r
riation; a range of 2.6% to 2.8%. These values represent a low risk of impac

est and wetland areas can be crucial to watershed health for se
interception and infiltration of rainfall thereby reducing runoff, which helps to maintain stream
flow, reduce erosion, and cycle nutrients. Similarly, wetlands can filter, intercept, and take up 
pollutants. In addition, they provide important habitat and hydrologic control in riparian 
environments. Because of these benefits, the relationship between forest and wetland areas and
watershed health is inverse: the more forest and wetland a watershed has, the less likelihood
there is any impact due to lack of forested areas. 

NAGE considers a watershed with 80% or greater fo
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Note: Data shown for th
MANAGE 

e entire Dillon Reservoir watershed and each sub-watershed analyzed using 

Figure H-1 
Percent of Land Use That Is Forest and Wetland and Indicator Ranking Scale 

 
Note: Data shown for the entire Dillon Reservoir watershed and each sub-watershed analyzed using 
MANAGE 

Figure H-2 
Percent of Riparian Forest and Wetland and Indicator Ranking 

Soil Indicators  

In addition to using land-use features as watershed indicators, MANAGE looks at soil features 
that might indicate some risk of pollutant movement in the study area. Soil characteristics that 
are considered for watershed indicators are the presence of excessively permeable soils in the 
entire area of consideration and the presence of restrictive layers of soil within unsewered areas.  

H-16 
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Excessively permeable soils are an important consideration in watershed health because they 
represent potential groundwater recharge zones in which pollutants might be carried through the 
unsaturated zone to the groundwater. MANAGE categorizes all soils into one of the four 
hydrologic soil groups. These groups, A, B, C, and D, are indicative of soil permeability, with 
Group A being the most permeable and D the least. In MANAGE, watersheds with greater than 
60% high-permeability soils (hydrologic soil group A) are at a high risk of water quality impact 
due the possibility of quick pollutant transport through the unsaturated zone. Soils in the Dillon 
Reservoir watershed are only 1% hydrologic group A, which represents a low risk of impact. 
These numbers vary in the individual sub-watersheds. In the Snake River and Tenmile Creek 
Basins, there are significantly less amounts of high-permeability soils at 0.2 and 0%, 
respectively. In the Blue River basin, on the other hand, soils are more permeable with 2.5% 
high-permeability soils. Potential reasons for this difference among the sub-watersheds are 
discussed in the Discussion section. All sub-watersheds fall in to the low-risk category of water 
pollution impact. 

In contrast to excessively permeable soils that allow pollutants to move quickly into deeper 
groundwater zones, excessively low-permeability soils can be a problem because they will not 
allow water (and possibly pollutants) to infiltrate into the subsurface. In these situations, water 
may remain on or near the surface and become runoff. This condition is significant primarily in 
unsewered zones where runoff, and any pollutants it carries, will quickly converge with nearby 
surface water bodies without the benefit of potential treatment processes that may occur in the 
vadose zone. In sewered zones, such runoff would likely be intercepted by storm water systems. 
In MANAGE, soils are categorized according to hydrologic soil groups A, B, C, and D, but they 
are also re-categorized in a slightly modified manner that allows for classification of restrictive 
soils. In this classification system, soils are either hydrologic group A+B, group C, group D, or 
res Re trictive soils are those with a permeability of less than 0.2 in./hr at shallow depths 
of a pths is what prevents 
infiltration.  

 Reservoir watershed, soils are 3.2% restrictive. MANAGE 
considers between 2 and 10% restrictive soils to represent a medium- to medium-high-risk of 

 
 This level varies somewhat among 

amount of restrictive soils at 
ter quality impact. The Snake River and Tenmile Creek 

ictive soils, respectively, still representing a 
edium pact.  

trictive. s
bout 20 to 60 in. Presence of this type of permeability at shallow de

In unsewered areas of the Dillon

water quality impact. Therefore, the entire study area is at a medium risk due to the presence of
restrictive soils in the unsewered portions of the watershed.
individual sub-watersheds. The Blue River basin has the greatest 
5.0%, which is still a medium-risk of wa
basins were slightly lower with 2 and 2.4% restr
m -risk of water quality im
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factors. Nutrient estimates represent sources of the nutrients at the point of origin and not 
the amount that might reach a groundwater aquife  or stream. Hence the generated estimates are 
best used as a means to compare nutrient loading among geographic areas and/or land uses and 
not ce are discussed 
in the s w; however, because nutrient loading is calculated using the estimated 
wat  is beneficial.  

 
 

ue does not change in the sub-watersheds.  

In MANAGE, available precipitation becomes either surface water runoff or groundwater 
recharge. MANAGE estimates that 2.4 (or 22%) of the 11 available inches of precipitation 
becomes surface water runoff. The remaining 8.6 inches/year (or 78%) becomes groundwater 
recharge. These numbers vary slightly in the three sub-watersheds analyzed in MANAGE due to 
the fact that surface runoff volume is estimated using Equation H-1. The land-use area in this 
equation will change for each sub-watershed as each one has, for example, a different amount of 
residential area. However, to obtain inches/year of runoff, the volume of runoff must be divided 
by the area of the sub-watershed. In this study, the ratio of the runoff volume to the 
sub-watershed area was fairly consistent between all sub-watersheds as well as the entire study 
area. For this reason, runoff varied from 2.2 to 2.5 in./year. Recharge is merely the available 
precipitation less the runoff, so recharge also varied little: 8.5 to 8.7 in./year. The results of the 
water budget are summarized in Table H-6 including values in both in./year and gallons for the 
entire watershed and each sub-watershed. 

Table H-6 
Summary of Water Budget Estimates Generated by MANAGE 

Nutrient Loading 

MANAGE utilizes mass balances to predict the amount of nutrient loading that might occur in 
the study area. This prediction is accomplished using an estimated water budget and nutrient 
loading 

r

 as values that might be found through monitoring. Results of the mass balan
ections that follo

er budget, first describing the results of this budget

Water Budget 

A water budget is an evaluation of the sources of water input and discharges in a watershed 
(Fetter 2001). MANAGE creates an estimated water budget based on the amount of available 
input (such as precipitation) in the study area as specified by the user. The water budget is 
created in the manner described in the Nutrient Loading Analysis section. The Dillon Reservoir 
watershed receives approximately 26 inches of precipitation annually. This value was input by
the authors based on data from several local weather stations. Approximately 15 of the 26 inches
is output in the form of ET estimated by the Watershed Analysis Risk Management Framework 
(WARMF). This characteristic means that there are approximately 11 in./year of available 
precipitation. This val

Watershed
Precip 
(in/yr)

Precip 
(Mgal/yr)

ET 
(in/yr)

ET 
(Mgal/yr)

Avail. Precip 
(in/yr)

Avail. Precip 
(Mgal/yr)

Runoff 
(in/yr)

Runoff 
(Mgal/yr)

Recharge 
(in/yr)

Recharge 
(Mgal/yr)

OWS Recharge 
(Mgal/yr)

Tot. Recharge 
(Mgal/yr)

Entire 26 148616 15 85740 11 62876 2.4 13561 8.6 49315 66 49381
Blue River 26 56432 15 32557 11 23875 2.2 4687 8.8 19187 57 19244
Tenmile Creek 26 48181 15 27796 11 20384 2.5 4716 8.5 15668 6 15674
Snake River 26 43220 15 24935 11 18286 2.3 3795 8.7 14491 2 14493  
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Nitrogen Loading 

Nitrogen loading in MANAGE occurs in two main components. In the water budget all available 
precipitation was contributed to the groundwater as recharge or to the surface water as runoff. 
Nitrogen input occurs using the same mechanisms: nitrogen contributed to groundwater through 
recharge or nitrogen contributed to surface water through runoff. A comparatively smaller, 
additional loading in MANAGE is contributed through direction atmospheric deposition to 
surface waters.  

Total nitrogen loading in the Dillon Reservoir watershed is estimated by MANAGE to be 
680,505 lb/N/yr or 3.2 lb/ac/yr. Of the total nitrogen loading, 58% is contributed as surface 
runoff, 38% as groundwater recharge, and 4% as direct atmospheric deposition to surface waters. 
MANAGE assumes that nitrogen in groundwater recharge comes from five sources: 

• Septic systems 

• Fertilized lawns 

• Fertilized agricultural areas 

• Pets 

• Unfertilized pervious areas 

Figure H-3 shows the relative contribution of each of these sources to nitrogen in groundwater 
recharge.  

2% 14%
Septic Systems

0%
Fertilized Lawns

1%

83%

Fertilized Agricultural
Areas
Pets in Residential
Areas
Unfertilized Pervious
Areas

 

Note: Data shown for the Dillon Reservoir watershed based on analysis using MANAGE 

Figure H-3 
Source of Nitrogen in Groundwater Recharge 

As the figure shows, the largest source of nitrogen to groundwater recharge is unfertilized 
pervious areas. These areas include: pasture, brush, forest, and unfertilized lawns. Most nitrogen 
in t
wat ing to 
groundwater (Table H-7). 

hese areas will be generated by natural processes. While the results vary in the sub-
ersheds, in all cases, unfertilized pervious areas make up the majority of nitrogen load
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Table H-7 
Summary of Nitrogen Contributions to Surface Water and Groundwater 

Watershed Entire Blue River Tenmile Creek Snake River
Surface Water N Loading
Total N (lb/yr) 419628 149818 149306 118966
Residential (%) 1.7 3.8 4.6 0.7
Commercial (%) 4 4.3 2 6.1
Industrial (%) 0.3 0.2 0 0.8
Roads (%) 1.5 0 4.3 0
Recreation (%) 2.7 2 3.3 2.8
Pasture (%) 0.3 0.9 0 0
Cropland (%) 0.1 0 0 0.4
Brush (%) 31.8 27.4 30.3 39.2
Forest (%) 21 23.3 14.5 26.6
Barren (%) 30.1 35.7 32.7 15.8
Water (%) 6.5 2.5 8.4 7.6
Groundwater N Loading
Total N (lb/yr) 260878 117611 82831 75584
Septic Systems (%) 2.3 16.8 1.9 0.4
Fertilized Lawns (%) 14.3 14.4 15.3 10.2
Fertilized Agricultural Areas (%) 0.4 0 0 1.3
Pets (%) 0.6 1.2 0.2 0.3
Unfertilized Pervious Areas (%) 82.4 67.6 82.6 87.9  

Note: Data shown for the entire Dillon Reservoir watershed and each sub-watershed analyzed using MANAGE 

Nitrogen that is input to surface waters via runoff has its origin in the various land uses in 
MANAGE. All MANAGE land-use categories could potentially contribute to nitrogen in runoff; 
however, only certain land uses were present in this study area. Those land uses are: 

• Residential • Industrial • Recreation • Cropland • Forest 

• Commercial • Roads • Pasture • Brush • Barren 

Nitrogen is also contributed through direct atmospheric deposition to surface waters (See the 
“Water” category in Table H-7). Figure H-4 shows the relative contribution of each of these 
sources to nitrogen loading in surface runoff and atmospheric deposition. In surface runoff, the 
largest contributors to the nitrogen load are the land uses brush and barren. As with groundwater 
recharge, the largest sources of nitrogen in surface waters are likely to be generated by natural 
causes. Again, results varied in the sub-watersheds (Table H-7). In the Blue River and Tenmile 
Cre rface 
waters. In the Snake River basin, brush and forest land uses were responsible for the majority of 
nitrogen loading to surface waters; however, brush and forest land uses still represent natural 

en. 

ek basins, brush and barren land uses were still the largest contributors of nitrogen to su

sources of nitrog
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Note: Data shown for the Dillon Reservoir watershed based on analysis using MANAGE 

Figure H-4 
Sources of Nitrogen Loading to Surface Runoff 

Phosphorous Loading 

Phosphorous loading in MANAGE is considered only as surface runoff and direct atmospheric 
deposition to surface waters. MANAGE does not consider phosphorous loading to groundwater 
under the assumption that the majority of phosphorous is sorbed to soil during infiltration 
(Joubert and Lucht 2000). Therefore, the only phosphorous considered in MANAGE is that 
contributed by each of the land-use categories. They are the same as those listed for nitrogen in 
the Nitrogen Loading section.  

Total phosphorous loading in the Dillon Reservoir watershed is estimated by MANAGE to be 
38090 lb/N/yr or 0.2 lb/ac/yr. Phosphorous loading to groundwater is not considered, so nearly 
all of this phosphorous is contributed through surface runoff, excluding the small portion, 
(approximately 3%) contributed through direct atmospheric deposition to surface water. Relative 
sources of phosphorous loading in the Dillon Reservoir watershed are shown in Figure H-5.  
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Note: Data shown for the Dillon Reservoir watershed based on analysis using MANAGE 

Figure H-5 
Relative Sources of Phosphorous Loading to Surface Waters 

As observed with nitrogen, the majority of phosphorous loading is contributed from natural 
sources (such as barren, forest, and brush). Similar results are observed in the sub-water
(Table H-8). 

sheds 
Note that though the majority of phosphorous in the Blue River sub-watershed is 

contributed by natural causes, residential contributions play a fairly large role as well. This 
situation is addressed in the Discussion section. 

Table H-8 
Summary of Phosphorous Loading to Surface Water 

Watershed Entire Blue River Tenmile Creek Snake River
Total N (lb/yr) 38090 14622 13316 9442
Residential (%) 5.7 11.8 1.4 2.7
Commercial (%) 7.1 7.3 4.1 11.4
Industrial (%) 0.9 0.6 0.0 2.6
Roads (%) 3.4 0.0 9.7 0.0
Recreation (%) 10.7 7.4 13.1 13.0
Pasture (%) 0.4 1.0 0.0 0.0
Cropland (%) 0.1 0.0 0.0 0.4
Brush (%) 14 11.2 13.7 19.7
Forest (%) 15.9 16.4 11.2 22.9
Barren (%) 39.2 43.3 43.4 23.6
Water (%) 2.7 1.0 3.5 3.6  

Note: Data shown for the Dillon Reservoir watershed based on analysis using MANAGE 
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d 

his 
ges in the watershed. Many 

natural resources maps can be created. For example, GIS can be used to create land-use maps, 
f surface water bodies. Two natural resources maps are shown for land use 

and soils (see Figure H-6 and Figure H-7). Other natural resources maps are not shown due to 
their size and detail. 

GIS Analysis 

The final component of a MANAGE assessment is use of GIS to show locations of surface an
groundwater pollution hotspots as well as some watershed indicators. This section will focus on 
presentation of the following maps created for GIS analysis of this study area: 

• Natural resources 

• Watershed indicators 

• Hotspots 

Note that maps are briefly described and presented, but not discussed. Discussion of all results 
can be found in the Discussion section that follows. 

Natural Resources Maps  

GIS analysis in MANAGE can provide a tool for mapping natural resources of a watershed. T
tool can be especially useful, if maintained over time, to monitor chan

soil maps, and maps o

 
Figure H-6 
Land-Use Map of the Dillon Reservoir Watershed Generated by MANAGE
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Note that O indicates “Other.” In most cases O is water. 

Figure H-7 
Soil Map of the Dillon Reservoir Watershed Generated by MANAGE 

Watershed Indicators Maps 

 permeable soils (hydrologic group A) can be 
seen on the natural resource maps in Figure H-6 and Figure H-7.  

Mapping the presence of some of the watershed indicators is possible using GIS. Mapping the 
following watershed indicators was possible in this study: 

• High- and very-high-risk land uses 

• Riparian high- and very-high-risk land uses 

• Forest and wetland 

• Riparian forest and wetland 

• Excessively permeable soils 

• Restrictive soils 

Forest and wetland areas as well as excessively
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fore, the only watershed indicator map shown (Figure H-8) Restrictive soils were limited. There
shows the location of high- and very-high-risk land uses. High- and very-high-risk land uses 
found in this watershed are commercial, industrial, and roads. Note that though the location of 
these land uses can be observed, it was not possible to identify each site (with a business or site 
name). 

 

Note: Data shown for the Dillon Reservoir watershed based on analysis using MANAGE 

Figure H-8 
Locations of High- and Very-High-Risk Land Uses  

Hotspots Maps 

In t
pol s a 
gro r might 
occ  where 
high- and very-high-risk land uses, which have potential to generate pollution, overly 

 
ap

sho

 

his study, several hotspots maps were created to show locations where MANAGE estimated 
lution would have potential of occurring. The first hotspots map shown (Figure H-9) i
undwater hotspots map. This map shows the locations where pollution to groundwate
ur. A risk of pollution is believed to be at these hotspots because they are locations

high-permeability soils, where pollutants might travel quickly to the groundwater. Note that this
m  is focused on the portion that shows the groundwater hotspots; lakes in the study area are 

wn for reference. 
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Note: Purple areas are hydrologic group A soils while yellow areas are locations where high- and 
very-high-risk land uses overly those soils. Lakes are shown for location reference. 

Figure H-9 
Groundwater Hotspots in the Dillon Reservoir Watershed as Generated by MANAGE 

The second hotspots map (Figure H-10) is a surface water hotspots map. For this map several 
factors were considered. The key to all surface water hotspots presented in this map is that they 
are situated on restrictive soils. Restrictive soils have extremely low permeability at shallow 
depths; therefore, there is the risk that they will not allow runoff and/or pollutants to infiltrate the 
surface. This condition would cause overland flow of runoff and pollutants to flow into nearby 
surface waters. However, restrictive soils alone are not a threat. A pollution source must be 
present in order for restrictive soils to have a negative impact. Consequently, the presence of the 
following characteristics situated on top of restrictive soils was considered: OWS and high- and 
very-high-intensity land uses.  
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Figure H-10 
Surface Water Hotspots in the Dillon Reservoir Watershed as Generated by MANAGE 

The final hotspots map presented (Figure H-11) is a riparian zone hotspots map. This map 
investigates the presence of OWS and high- and very-high-intensity land uses in the riparian 
zone. These conditions would be a concern for pollution transport because their presence within 
the riparian zone essentially means that they are situated in extremely close proximity to streams. 
Regardless of what type of soil is present in the riparian zone, there is the potential for a 
particularly short pathway from pollution input to groundwater to stream. Due to the small nature 
of the riparian zone, details of the map when viewed for the entire watershed are impossible to 
see. Therefore, the map shows just one region of riparian zone as an example. The map shows 
portions of the Blue River basin and Tenmile Creek basin where both OWS and high- and 
very-high-risk land uses can be found in the riparian zone. 

 



 
Watershed Modeling Using MANAGE 

H-28 

 
Figure H-11 
Riparian Zone Hotspots in a Portion of the Dillon Reservoir Watershed as Generated by 
MANAGE 

Discussion 

MANAGE results present 

• Potential pollution risks through qualitative analysis 

• Pollution sources through nutrient loading estimates 

• Potential geographical locations of pollution through GIS analysis 

The objective of this project was to determine what, if any, are the impacts of OWS on the 
environment of the Dillon Reservoir watershed. This section discusses this further and provides 
further clarification and insight into the MANAGE results presented previously. 
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Watershed Indicators 

In this study area, many of the watershed indicators utilized by MANAGE indicated a low risk of 
negative water quality impact. However, there are some important considerations to note when 
interpreting these results. Consideration of these results in conjunction with what is known about 
both the watershed in question and the watershed in which MANAGE was developed is 
important.  

The majority of watershed indicators in MANAGE indicated a low risk of negative water quality 
impact. However, this situation was not the case when considering the amount of forest and 
wetland present in each basin analyzed and its respective riparian zone. In the basins and the 
watershed as a whole, the risk of water quality impact due to lack of forest and wetland areas 
ranged from medium to high. In the riparian zones, risk of water quality impact due to the same 
factor ranged from high to extreme. In the basin areas, MANAGE considers less than 80% 
forest/wetland areas to present a medium risk of water quality impact. MANAGE was developed 
in a coastal region where 80% or greater of forest or wetland may be the natural condition of 
land use. This condition may be unrealistic in the Dillon Reservoir watershed. Alpine regions 
have naturally thinner forests, which is especially true in this watershed where much of the land 
is situated above tree line. Furthermore, wetlands are not as prevalent in this type of ecosystem. 
Therefore, the risk due to lack of forest/wetland in the basins is possibly overstated by 
MANAGE. 

There are some separate considerations for forest/wetland areas in the riparian zone that may 
indicate risk in these areas is not as overstated as in the basins. First, the watershed has a history 
of dredge-boat mining, which has impacted riparian zones of many of the streams in this 
watershed (such as the Blue River and Swan River). Potentially, both riparian forest and wetland 
areas have been reduced. Furthermore, development in the Dillon Reservoir watershed tends 
towards the flat valley bottoms. While the development seems to avoid the wetland areas, the 
amount of forest in these areas may have been reduced. Therefore, some restoration of riparian 
zones in this watershed may be beneficial because risk to water quality impact in these zones is 
present.  

MANAGE indicated that the Dillon Reservoir watershed is at a low risk of water quality impact 
due to the presence of a large amount of high-permeability soils. This evaluation is most likely 
correct; however, some factors should be noted. As described in the Fine Tuning MANAGE 
section, modifications had to be made in order to create a soil coverage that could be utilized in 
this evaluation. These modifications led to soil coverage with a higher resolution in the Blue 
River basin than in other basins studied. In general, the small regions of group A soils were 
apparent only in this high-resolution portion. Therefore, the amount of these soils present in the 
study area has possibly been underestimated.  
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The same situation is also applicable to evaluation of the amount of restrictive soils in the 
watershed. Risk due to the presence of these soils is already medium in the Dillon Reservoir 
watershed; therefore, there is some chance that the risk could be higher. However, restrictive 
soils do not pose a risk unless there is some pollution present, which is important to remember. 
The majority of development in the study area is in the Blue River sub-watershed, so increased 
amounts of restrictive soils may not necessarily cause increased amounts of water pollution. 

This section attempts to combine the watershed indicator analysis completed using MANAGE 
with knowledge about this study area and the original application of MANAGE in order to make 
a better evaluation of the potential risks to water quality in the Dillon Reservoir watershed. 
Whether or not a MANAGE user chooses to complete a similar exercise, remembering that the 
watershed indicators only represent risk of pollution problems, not actual pollution problems is 
important. This evaluation is useful in helping to identify areas where pollution prevention and 
mitigation might occur before a problem is present. In the Dillon Reservoir watershed, indicator 
analysis suggests restoration of natural habitat in the riparian zones might be a beneficial 
consideration. Furthermore, consulting further soil records or conducting field evaluations to 
verify the amount of restrictive soils in the area might also be useful. 

Nutrient Loading 

MANAGE creates an estimated water budget for use in the nutrient loading estimates. However 
this water budget can also be used to look at some of the impacts of development on a watershed. 
Development tends to increase the amount of surface runoff in a watershed due to increases in 
factors, such as impervious surfaces, which do not allow precipitation to percolate into the 
ground. Because of this, MANAGE calculates an estimate of the amount of runoff that would 
occur if a watershed were 100% forested. The Dillon Reservoir watershed would not be 100% 
forested in its natural state, which is recognized, but this evaluation does provide some estimate 
of the impact of development on surface runoff. 

In the entire watershed, MANAGE estimates that there has been a 38% increase in surface runoff 
due to development in the area (see Table H-9). This number varies in the sub-watersheds. In the 
Blue River basin, runoff has increased 44%; similarly, runoff has increased 41% in the Tenmile 
Creek basin. Runoff has increased only 25% in the Snake River basin. These increases verify 
that most of the development in the study area is situated in the Tenmile Creek and Blue River 
basins and that this development is affecting the hydrology of the watershed.  

Table H-9 
Estimated Runoff Increase Due to Development in the Study Area 

Watershed
Surface Runoff 

Mgal/yr
Runoff if 100% 
Forest Mgal/yr % Increase

Entire 13561 8467 38
Blue River 4687 2630 44
Tenmile Creek 4716 2791 41
Snake River 3795 2837 25  
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Nitrogen loading in MANAGE occurs through two pathways: surface runoff and groundwater 
recharge. Nitrogen in surface runoff in the entire watershed was predominantly generated by 
barren, forest, and brush land uses. There was no case in the entire watershed or in the 
sub-watersheds analyzed that any developmentally-related land use generated greater than 5% of 
the nitrogen in the surface runoff of that watershed. This fact indicates that the majority of 
nitrogen in surface runoff is naturally generated (though the amount of runoff may be 
developmentally impacted), and therefore not likely a concern. 

Natural causes, specifically unfertilized pervious areas, also generate the majority of nitrogen 
found in groundwater recharge in the entire watershed and in each sub-watershed. Effects of 
OWS are accounted for in nitrogen sources to groundwater recharge. In the entire watershed, 
only 2.3% of nitrogen is estimated to be generated by OWS. However, this number is 
considerably higher in the Blue River basin, where 16.8% of nitrogen is generated by OWS. This 
information does not provide a good indication that OWS should be converted to a central 
wastewater treatment plant (CWTP). MANAGE provides no means of estimating and comparing 
the amount of nitrogen that would be generated by a CWTP to that being generated by OWS. 
Therefore, using MANAGE to know if conversion to CWTP would truly provide any benefits is 
impossible.  

Unlike nitrogen, phosphorous loading in MANAGE is only considered in surface runoff. The 
assumption is made that 100% of phosphorous in groundwater recharge undergoes sorption to 
soil in the vadose zone. Therefore, MANAGE assumes that OWS do not contribute any 
phosphorous that has the potential to negatively impact water quality. Like nitrogen, the majority 
of phosphorous in surface runoff is generated by natural causes and is therefore not a likely 
concern. In summary, nutrient loading in the Dillon Reservoir watershed seems to be due 
predominantly to natural causes. Natural sources of nutrients do not require mitigation; however, 
further investigation of OWS contributions to nitrogen in the Blue River Basin might be useful. 

GIS Analysis 

The GIS hotspot analysis provides physical locations where pollution is likely to occur and that 
might be useful sites for pollution mitigation. To a large extent the maps speak for themselves 
and do not need to be discussed. However, there are some things to consider. In all of the 
hotspots maps presented noting the proximity of the hotspots to streams is useful. For example, 
high-intensity land uses are located to a large extent along surface water bodies. The same holds 
true for both surface and groundwater hotspots. This characteristic confirms a need to investigate 
and possibly mitigate pollution in the riparian zones of this study area.  

When utilizing hotspot analysis the fact that these maps can be used to archive current hotspots 
for use in comparison to future situations should be remembered. Tracking changes will help to 
monitor and/or prevent expansion of potential problem areas. Hotspots maps can also be utilized 
as a tool to map proposed development to provide a screening-level evaluation of whether or not 
this development will have a negative impact.
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Summary and Conclusions 

A watershed assessment using the screening level assessment method known as MANAGE was 
completed as part of this project in order to assess a low-cost and less resource intensive, 
watershed-scale modeling option. Consideration, of the conclusions of the assessment made 
utilizing MANAGE is important, in addition to providing some general conclusions about the 
assessment tool itself for those who may consider using the tool in the future. 

MANAGE, a watershed assessment tool developed by the University of Rhode Island 
Cooperative Extension, has three main components: watershed indicator analysis, nutrient 
loading estimates, and GIS analysis. The results of these three components are utilized together 
to evaluate the overall health of a watershed. Through utilizing MANAGE in the Dillon 
Reservoir watershed several advantages and disadvantages of MANAGE have become apparent. 
Regarding implementation of MANAGE, there are several advantages: MANAGE is available at 
no cost and requires fewer resources than many models. MANAGE has fewer input data 
requirements, and those that are required are typically available for free (such as GIS coverages). 
On the other hand, MANAGE was originally created for and implemented in Rhode Island, so 
implementation in areas outside of Rhode Island may require a substantial amount of time to 
research and modify the model as appropriate (such as nutrient loading factors). Furthermore, 
implementation of MANAGE in numerous sub-watersheds may be cumbersome because each 
sub-watershed requires a separate MANAGE file. 

There are also advantages and disadvantages to the results produced by a MANAGE assessment. 
Results are relatively quick to obtain and provide an easy means to complete a screening level 
assessment that may be used to guide future watershed plans and evaluations. In other words, it 
is a useful tool for identifying potential problem areas. However, results of MANAGE nutrient 
loading estimates are point-of-origin estimates and cannot be used as realistic estimates of the 
magnitude of nutrient loading to groundwater or surface water. In addition, the estimates do not 
consider known point sources and therefore comparing the impacts of point versus nonpoint 
sources (such as CWTP versus OWS) is impossible. Finally, the estimates assume 100% of 
phosphorous in groundwater recharge undergoes sorption in the subsurface, which eliminates 
consideration of groundwater sources of phosphorous-to-phosphorous loading.  

Conclusions from this Dillon Reservoir watershed assessment using MANAGE include:  

• All areas analyzed using MANAGE showed limited potential impact due to development. 
This result is because analysis of watershed indicators involving development were low and 
nutrient loading tended to be from natural, and not developmentally related, causes. 
MANAGE does not show OWS to be a major cause of nutrient loading in any areas 
considered. Levels of OWS contribution were higher, however, in the Blue River 
sub-watershed. 

• In the riparian zone, the situation differs. Watershed indicator analysis revealed that lack of 
forest and wetland areas may be impacting these zones. Hotspots maps showed that in many 
cases both surface and groundwater hotspots were situated alongside streams. This 
information is supported by historical documentation of mining in these zones. This evidence 
supports a need to better investigate and evaluate the risk to water quality due to detriment of 
these areas. 
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